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Part I
Foreword and acknowledgements
Part I: Foreword and acknowledgements1 Foreword and acknowledgements
This report is the second of a series covering all aspects necessary to the implementation of
UHPFRC (Ultra High Performance Fibre Reinforced Concretes) for the rehabilitation of reinforced
concrete structures, within the framework of work package (WP) 14 "HPFRCC for rehabilitation" of
project SAMARIS. The other reports are: 
• D13 - Report on preliminary studies for the use of HPFRCC for the rehabilitation of road infra-
structure components
• D22 - Report on tests of UHPFRC in the field
• D26 - Modelling of UHPFRC in composite structures
• D25 - Specifications for the use of corrosion inhibitors and UHPFRC for rehabilitation of high-
way structures
• D31 - Guidelines on selection of innovative materials for the rehabilitation of highway struc-
tures.
Contributors to WP 14 are: MCS-EPFL (contractor and WP leader), LCPC - Dr. P. Rossi (con-
tractor), and TRL - Dr. R. Woodward (contractor). 
The original concept of application of UHPFRC for the rehabilitation of reinforced concrete
structures was proposed at MCS, by Prof. Dr. E. Brühwiler, in 1999.
The works at MCS-EPFL are performed under the lead of Dr. E. Denarié (WP 14 leader) and
Prof. Dr. E. Brühwiler (Director of MCS-EPFL).
Dr. Pierre Rossi of LCPC-France, inventor of CEMTECmultiscale® and worldwide known
expert of Fibre Reinforced Concretes, proposed the original UHPFRC recipes used in this study and
the concepts for their tailoring to the specific applications of rehabilitation.
→ This report is the first part of Deliverable D18. It covers a first extensive series of tests on
UHPFRC (material CM01) and concrete materials as well as UHPFRC-Concrete composite struc-
tural members, mainly focused on composite beams. All results mentioned in this report are from Dr.
Katrin Habel.
→ The second part of deliverable D18 (part B), due in September 2005 will cover following
aspects:
 •  permeability tests on undamaged and damaged UHPFRC materials (material CM01).
 •  second extensive series of structural tests on UHPFRC-concrete composite beams, walls and
slabs (materials CM1 and CM21).
 •  delayed behaviour at early age, from TSTM (Temperature-Stress Testing Machine) test set-up
(material CM21).
Lausanne, 15 November 2004 Dr. Emmanuel Denarié
1. See Appendix U and deliverable D13 for definitions of materials.2
Part II
Introduction
Part II: Introduction2 Motivation and context
This test report describes the experimental program that was conducted within the scope of the
research project on “Structural behaviour of elements combining Ultra-High Performance Fibre
Reinforced Concretes (UHPFRC) and reinforced concrete” [Habel04]. The objectives of the
research were to investigate performance and structural behaviour of composite “UHPFRC-con-
crete” members and to provide a better knowledge of UHPFRC properties. 
UHPFRC have a high potential of application in structures. They belong to the group of High
Performance Fibre Reinforced Cement Composites (HPFRCC) (Figure 2.1). HPFRCC are Fibre
Reinforced Concretes (FRC) that exhibit strain-hardening under uniaxial tension. In addition, UHP-
FRC are characterized by a dense matrix and have consequently a very low permeability when com-
pared to HPFRCC and normal strength concretes. However, their properties are still poorly known. 
The conceptual idea of this research project was to combine UHPFRC and normal strength con-
crete in order to enhance existing and new structures made of cementitious materials. Composite
“UHPFRC-concrete” elements are appropriate for new constructions and conservation of existing
structures. UHPFRC should be used in parts of the structures that are exposed to detrimental sub-
stances or that have to transfer high mechanical loads, for example at points of concentrated load
introduction or when an existing structure has to be strengthened without increasing its dead load.
Their field of application is illustrated by the example of a road bridge deck (Figure 2.2): crash bar-
rier and deck overlay are made of UHPFRC (without water proofing membrane), while the rest is
built of normal strength reinforced concrete. Crash barrier and deck overlay are exposed to detri-
mental substances (e.g. de-icing salts containing chlorides) and require a high resistance against the
ingress of these substances in order to guarantee sufficient durability. Moreover, the crash barrier is
a massive element with a high cracking risk at early age. The dimensions of the crash barrier and
early age cracking risk are reduced due to the outstanding mechanical properties of UHPFRC in
terms of resistance and energy dissipation. Composite “UHPFRC-concrete” elements are a new kind
of structures and their performance and structural behaviour have to be studied experimentally.
3 Objectives
The main objectives of the experimental campaign are to investigate the structural behaviour of
composite elements made of UHPFRC and concrete and to characterize the material properties of
the cementitious materials, in particular of the UHPFRC.
FIGURE 2.1: Definition of UHPFRC4
SAMARIS SAM_GE_DE18v01_01As UHPFRC are a relatively new group of cementitious materials, many of their material proper-
ties are still little known. Furthermore, UHPFRC are materials with specifically tailored properties
that differ from each type of material. Thus, it is essential to investigate the properties of the UHP-
FRC (a type of CEMTECmultiscale® [Rossi02]) used in this research. The material tests should also
give information about the relation between thermal and hygral changes and deformation: Attention
is drawn to the early age behaviour of the UHPFRC when the major part of deformations occurs. 
The feasibility of composite elements made of UHPFRC and concrete during their whole life
cycle is aimed to be investigated. As the material properties of UHPFRC and concrete are different,
a good structural behaviour has to be proven. Furthermore, it is important to investigate whether the
advantageous properties of the UHPFRC can be exploited in composite structural elements during
the whole range of possible action effects during the service life of the structure - at early age, long
term and at fracture. Early age behaviour is extremely important, since the major part of damage due
to internally provoked deformations occurs during this period and the risk of damage is high.
Another objective is to better understand the physical mechanisms of the deformations. Deforma-
tions and cracking at long term as well as flexural creep are aimed to be studied on the beams.
Finally, the fracture behaviour is investigated with bending tests with regard to cracking, deforma-
tions and force evolution. 
The composite elements are chosen to cover a wide range of possible applications: thin UHPFRC
layers for protection function and thicker UHPFRC layers with and without reinforcement for addi-
tionally increased resistance. 
4 Test program
4.1 Material tests
Material tests were carried out to characterize the UHPFRC and the concrete properties. As
UHPFRC are rather new materials, their properties were not well known. So, the material tests
allowed to discover and to describe its material properties. Also tests on the concrete were con-
ducted. 
The following tests were carried out and are described in Part III of this report: 
• The characterization of the fresh UHPFRC included the determination of the air content and the
density, the fibre content and the workability. Furthermore, the ambient temperature and the tem-
perature of the fresh concrete were measured (Section 6). 
• The heat of hydration was evaluated with tests in semi-adiabatic moulds. The adiabatic tempera-
ture rise due to the heat of hydration was deduced from the tests (Section 7). 
• Measurements of the relative humidity (RH) were carried out on UHPFRC specimens in order to
estimate its self-desiccation (Section 8). 
FIGURE 2.2: Composite “UHPFRC-concrete” bridge deck5
Part II: Introduction• The evolution in time of strength and the modulus of concrete under uniaxial compression were
determined on cylinders. The tests were executed by the LMC (Section 9). 
• The behaviour in tension was determined with uniaxial tensile tests. The evolution in time of
strength, pre-and post cracking behaviour and fracture energy were evaluated (Section 10). 
• Basic and drying shrinkage in combination with creep tests (under compression) were carried
out with regard to the time-dependent behaviour of the specimens. Cylinders were installed in a
chamber with controlled climatic conditions. Free and restraint autogenous shrinkage tests were
performed on the UHPFRC at early age at the university Laval, Québec, Canada (Sections 11 to
13). 
• The reproducibility of the UHPFRC was tested for each batch. For this, prismatic specimens
were tested in bending and in compression. The results were treated statistically (Section 14). 
• The adherence of the interface zone was measured on cylinders drilled out of composite “UHP-
FRC-concrete” blocks. The contact surface of the concrete was prepared by hydro-jetting in the
same way than the contact surface for the beam tests (Section 15). 
4.2 Testing of structural elements
The behaviour of composite “UHPFRC-concrete” elements is described in Part IV. 15 full-size
bending beams with a length of 5.40 m were investigated consisting of an old layer of reinforced
concrete that was more than 5 months old during testing and a new layer made of UHPFRC. The
contact zone of the concrete was prepared by hydrojetting.
The deformational behaviour of the beams was measured from the casting of the UHPFRC layer
for 11 to 12 weeks (Section 18). So, the early age behaviour of the composite elements was
observed and conclusions could be drawn of the long term behaviour. After the early age and long
term tests, the beams were submitted to four-point-bending tests to investigate their fracture behav-
iour (Section 19).
The parameters of the tests were the thickness of the UHPFRC layer hU, the presence of rein-
forcement in the UHPFRC layer As,U and the static system. Three different thicknesses (hU = 3, 5,
10 cm) for the UHPFRC layer were investigated. Additional reinforcement As,U was placed in the
UHPFRC layer of half of the beams with thicknesses of the UHPFRC layer of 5 and 10 cm. The
reinforcement ratio of the additional reinforcement was ρs,U = 2% of the UHPFRC section. A stati-
cally determinate and a statically indeterminate system were investigated. The statically determinate
system consisted of beams with cantilevers on each side and the statically indeterminate system of
three span beams. Half of the statically determinate beams were subjected to flexural creep after 28
days. The creep loading induced a constant moment in the central span of the beams and tensile
stresses in the UHPFRC layer.
During the early age and long term tests, the temperature of the beams was measured with ther-
mocouples. Two of the beams were also equipped with humidity sensors. The deformations were
followed with LVDTs and two optical deformation sensors that were placed in the central span of the
beams. Furthermore, the cracking of the beams was followed visually. During the fracture tests, the
deformations were measured with LVDTs and the optical deformation sensors. The crack openings
were followed visually and with Ω-gages that were placed on the upper side and on the sides of the
beams.6
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5.1 Concrete
The concrete was a B45/35, mixed by the plant “Sables et Graviers Tinterin SA” in Tentlingen.
Its composition and the details of the cement are given in Tables 5.1 and Table 5.2. The aggregates
were mainly “hard” and “medium hard” [Hammerschlag01]. 
5.2 UHPFRC
The used UHPFRC was a kind of CEMTECmultiscale® with one kind of steel fibres, developed at
the LCPC [Rossi02]. CEMTECmultiscale® is an ultra-high performance concrete consisting of
cement, silica fume, fine sand, superplasticizer and water (Tables 5.3 and Table 5.4).
The cement is a CEM I 52.5 N with a high quantity of silicates, produced by Lafarge. The sand is
very fine with an average grain size of 0.3 mm, and a maximum grain size of 0.5 mm. It also con-
tains a high amount of silicates. The silica fume is very pure with 93.5% of SiO2 from the zirconium
producing industry. The steel fibres are short (lf = 10 mm) with an aspect ratio lf/d = 50. Their ten-
sile strength is high so that the fibres are pulled out of the cementitious matrix and do not break.
TABLE 5.1: Concrete composition
type theoretical weight
weight 
[kg/m3]
Cement CEM I 42.5, Vigier 350 kg/m3 346.7
Aggregates 0/4 968.2
4/8 96.9
8/16 945.3
Plasticizer SIKA Viscocrete 2 0.5 M-% 1.73
Water 137.1
w/c 0.40
TABLE 5.2: CEM I 42.5, Vigier, properties (mean values 2001)
Mineralogical composition
C3S
C2S
C3A
C4AF
59.9% ± 5.2%
17.1% ± 3.9%
7.1% ± 0.9%
9.6% ± 0.8%
Specific Surface (fineness of Blaine) 2731 ± 181 cm2/g
Heat of Hydration 
1 day
3 days
5 days
7 days
263 J/g
333 J/g
340 J/g
345 J/g
Time of the beginning of setting (at 20 °C) 186 ± 24.6 min.
Compressive Strength
at 2 days
at 28 days
23.2 ± 2.2 MPa
51.7 ± 3.4 MPa8
SAMARIS SAM_GE_DE18v01_01The UHPFRC had a very low water/binder-ratio (0.14) and a very dense matrix. The water was
not sufficient for complete hydration of the cement. The theoretical degree of hydration of the UHP-
FRC was approximately 31% [Jensen01, Waller00]. So, a part of the cement grains acted as inert
filler. The low water content required the addition of a superplasticizer to ensure sufficient workabil-
ity of the material. The used UHPFRC was designed to be self-compacting.
6 Characterization of the fresh material
6.1 General
The density and the air content of the fresh concrete were determined with a pressure-type air
meter. The temperature of the concrete was measured with a thermocouple of type K. The ambient
climatic conditions (T, RH) were recorded with a data logger of type HAENNI, Opus I. The worka-
bility of the concrete was determined with the slump test after [SIA162/1]. The workability of the
self-compacting UHPFRC was determined with the inverted slump test by using a turned standard
cone of the slump test [Neville95]. The cone was filled, lifted and the spread was measured.
TABLE 5.3: UHPFRC composition
type  weight
Cement CEM I 52.5 N CE PM-ES-CP2 NF, Lafarge, Le Teil       1051.1 kg/m3
Sand Sand of Fontainebleau, MN 30 ( < 0.5 mm)    732.5 kg/m3
Silica Fume SEPR (median diameter: 50 µm,                                
specific surface: 12 m2/g, SiO2: 93.5%)
     273.3 kg/m3
Steel fibres straight, l = 10 mm, = 0.2 mm       468.0 kg/m3
Superplasticizer Chrysofluid OPTIMA 175 total: 35.1 kg/m3
 wet: 24.6 kg/m3
 dry: 10.5 kg/m3
Additional water    164.6 kg/m3
Total water    189.2 kg/m3
w/c 0.18
w/(c+SF) = w/b 0.14
TABLE 5.4: CEM I 52.5 N CE PM-ES-CP2 NF, Lafarge (mean values, 12/02)
Mineralogical composition
C3S
C2S
C3A
C4AF
73.4%
10.0%
4.0%
5.8%
Specific Surface (fineness of Blaine) 3400 cm2/g
Heat of Hydration 
12 hours 185 J/g
Time of the beginning of setting (at 20 °C) 185 min.
Compressive Strength
at 2 days
at 28 days
28.0 MPa
63.0 MPa
∅ 
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6.2.1 Concrete
The tests of the fresh concrete were carried out at Element AG under the same conditions as the
structural elements that were exposed to at an ambient temperature of 5.5 °C (Table 6.1). The ambi-
ent conditions were characteristic for a day in february. However, the temperature was very low and
the hydration of the concrete was delayed. All the specimens for the concrete characterization were
stored at this low ambient temperature, only the beams for the structural tests were heated during the
night to accelerate the hydration process.
The workability of the concrete was medium and not, as originally intended, high. As the con-
crete in the beams was compacted with a vibrating table, the concrete of the beams was well com-
pacted and of good quality.
6.2.2 UHPFRC
Tests on fresh UHPFRC were carried out on several mixes (Table 6.2). The density and the air
content were determined with a pressure-type air meter having a volume of 8 litres (Figure 6.1a).
The density was higher than for traditional concrete due to the high steel fibre content of the mate-
rial.   
The workability was tested with an inverted slump test (Figure 6.1b) or simply controlled visu-
ally. The material was directly taken from the mixture of two batches mixed in succession and put
together for casting. The UHPFRC was always self-compacting. There was a loss of workability in
the first hour after casting. Therefore, two batches were the maximum to be mixed in succession and
TABLE 6.1: Properties of the fresh concrete and the environment
Type of test Result
density pressure-type air meter 2460 kg/m3
slump test ISO 4109 7 cm (medium workability)
temperature of the concrete thermocouple, type K 10 °C
ambient temperature HAENNI, Opus I 5,5 °C
ambient RH HAENNI, Opus I 75%
TABLE 6.2: Properties of the fresh UHPFRC and the environment
Type of test Result
density pressure-type air meter 2’749 kg/m3 (A18)
2’712 kg/m3 (A53)
air content pressure-type air meter 2.5% (A18)
3.8% (A53)
workability inverted slump test (20 min. after water addition) 70.5 cm (A18)
73.0 cm (A27)
                                    (1 hour after water addition) 57.0 cm (A18)
temperature of the concrete thermocouple, type K Series 1 (A01_19)
Series 2 (A20_58)
Series 3 (A60_71)
28.5 °C ± 1.2
24.4 °C ± 0.8
22.4 °C ± 0.6
ambient temperature thermocouple, type K Series 1 (A01_19)
Series 2 (A20_58)
Series 3 (A60_71)
23.4 °C ± 0.7
17.6 °C ± 1.3
18.0 °C ± 0.910
SAMARIS SAM_GE_DE18v01_01cast together. The casting was always rather fast (maximum duration: 15 min. for two batches), so,
no loss of workability could be visually observed during casting.
The first series (A01_19) was cast in summer (july 02), whereas the two others (A20_58,
A60_71) were cast in winter (november 02, february 03). The ambient temperature and the tempera-
ture of the fresh concrete were different for the different seasons. For A20_58 and A60_71, the same
ambient temperature of the two mixes was observed, the temperature of the fresh concrete, however,
was lower for series 3. This may be due to a lower reactivity of the constituents of the UHPFRC
(cement, superplasticizer), since the mixing procedure and the mixer were the same.
7 Heat of hydration
7.1 General
The chemical reaction of cement hydration is exothermal, therefore, heat is liberated during the
hardening of concrete. The resulting temperature changes lead to deformations in the material. The
major part of the heat liberation occurs before setting when the material is still soft. Cooling occurs
when the hydration rate slows down and tensile stresses build up in case of restraint. The more heat
is liberated, the higher is the maximum temperature and the stresses in case of restraint.
The heat of hydration was measured with semi-adiabatic moulds (Figure 7.1) [Bernard00,
Charif98]. The temperature evolutions of concrete cylinders placed in an insulated mould and of
cylinders in a cardboard mould at ambient temperature were measured during approximately one
week after casting. The ambient temperature was also measured. The heat of hydration was calcu-
lated on the basis of these measurements. The thermal losses of the moulds had been measured pre-
viously and a heat transfer coefficients had been determined to πT = 083 W/(m2K) for the insulated
moulds and to πT = 8 W/(m2K) for the cylinders in the cardboard moulds.  
Several models exist to describe the temperature rise in concrete: The Danish model is an empir-
ical model, developed by the Danish cement industry EQ. 7.1 [Roelfstra89]. The Danish model
describes well the evolution of the heat of hydration for traditional concretes. When the setting is too
much retarded as this was the case for UHPFRC, the model does not apply.
a) b)
FIGURE 6.1: a) Air meter, b) inverted slump test of the UHPFRC11
Part III: Material characterizationThe adiabatic temperature rise may also be calculated directly with the method, proposed by
RILEM TC119-TCE [RILEM97]. This method allows to determine the adiabatic temperature rise
on the basis of semi-adiabatic tests. The adiabatic temperature of the cementitious material at the
time t is given by EQ. 7.2. The integral of EQ. 7.2 is treated with a step-by-step method, with the
area under the integral being calculated directly with the trapezoidal rule for each time step. 
FIGURE 7.1: Semi-adiabatic moulds (picture from [Bernard00])
with M(t) [hours]: maturity of the concrete at time t, HT [kJ/m3]: total heat of hydra-
tion, Hhydr (M(t)) [kJ/m3]: released heat at a given maturity, a, b [-]: parame-
ters.
(EQ 7.1)
with t: time [h], Tad(t): adiabatic temperature at time t [°C], Ccal: apparent heat
capacity of calorimeter [J/K], Cs: heat capacity of the sample [J/K], Ts(t): tem-
perature of the sample [°C], a(t): coefficient of temperature loss [K/h], πT:
coefficient of heat loss [J/(h K)], Ta: temperature at the boundary [°C]
(EQ 7.2)
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7.2.1 Concrete
The heat of hydration was measured with the semi-adiabatic moulds placed next to the beams,
outside the hall at the Element AG. The outside temperature during testing was low (Figure 7.2).
Two cardboard cylinders (l = 32 cm, ∅16 cm) were placed in the moulds and two cardboard cylin-
ders next to the moulds. Figure 7.2a shows the temperature development in the moulds and
Figure 7.2b the temperature development in the cardboard cylinders. The test served to fit the mod-
els for the heat of hydration (Table 7.3).
As the cylinders were stored at low temperatures, the activation energy was probably different to
the one developed in the beams, which were heated during setting. Since the first test structural test
series started at an age of 5 months of the concrete substrate, the adjusted models shown in
Figure 7.2 and Table 7.3 were considered to be sufficiently exact to describe the properties of the
concrete substrate before and during the structural testing.
7.2.2 UHPFRC
The heat of hydration was measured for batch A68 with the semi-adiabatic moulds (Figure 7.3a).
The maximum temperature in the semi-adiabatic moulds was 75 °C at 37 hours after casting; the
maximum temperature in the cylinders was 33 °C after 36.5 hours. The temperature rise of the UHP-
FRC was higher than for the concrete, since the cement content of the UHPFRC was higher and the
cement was a CEM I 52.5 N (higher fineness of Blaine). The dormant period of the UHPFRC was
approximately 24 hours. This is typical for cementitious materials with high amounts of superplasti-
cizer.
Since the heat of hydration of the UHPFRC can not be accurately modelled with the Danish
model because of the long dormant period, the adiabatic temperature rise was calculated with the
method proposed by RILEM TC119-TCE (Figure 7.3b). The adiabatic temperature of the UHPFRC
was determined to be 117 °C after 7 days (168 h).
a) b)
FIGURE 7.2: Temperature development and simulation of the concrete cylinders a) in the semi-
adiabatic moulds and b) in the carton moulds
TABLE 7.3: Heat of Hydration models (B01)
cT [kJ/m3K] 2’200 SCM Danish model
λT [W/m K] 2.4 a [h-1] 0.06 a [h] 16
HT [kJ/m3] 120’000 d [h] 5 b [-] 1.0913
Part III: Material characterizationThe thermal capacity and the thermal conductivity were also estimated from the semi-adiabatic
tests by numerical simulation with MLS. The thermal capacity was cT = 2800 kJ/(m3 K), the ther-
mal conductivity λT = 3.0 W/(m K).
8 Relative humidity evolution in the UHPFRC
8.1 General
The moisture content in cementitious materials is influenced by the hydration reaction, for which
water is necessary to create the hydration products and by moisture exchange with its environment.
The reduction of the moisture content due to hydration leads to a reduction of the RH in the speci-
men when the water available for hydration is not sufficient for complete cement hydration. This is
the case for cementitious materials for low water/binder-ratios as UHPFRC. As the hydration is
strong during early age, the major part of RH change occurs during the first 10 days. This internal
RH-change induces shrinkage deformations that can be high (see Section 12). 
8.2 Test set-up
The internal RH-change of the UHPFRC was measured with ROTRONIC sensors recording tem-
perature and RH. The sensor was placed in a cylindrical UHPFRC specimen with the thickness of
the UHPFRC around the sensors being 1 cm (Figure 8.1a). The thickness was small in order to min-
imize the temperature increase of the UHPFRC during hydration. The sensor was put into the speci-
men immediately after casting. The metal mould was additionally sealed with plastic foils to
minimize the moisture exchange between the specimen and its environment. RH and temperature
were recorded with data loggers.
8.3 Results
The RH was constant at 100% until 1.36 days (33 hours) (Figure 8.2). Then, it decreased to 90%
after 5 days. The further decrease of the RH was lower, but it continued monotonously. The maxi-
mum temperature due to heat of hydration was 20.6 °C at 1.46 days (35 hours). The temperature rise
was 0.8°C. The effect of the heat of hydration on the temperature was observed until 2.5 days when
the temperature had decreased to the ambient temperature.  
The period when the RH was 100% may be divided into two parts: The first part was the dormant
period when no major chemical reactions occurred in the UHPFRC; in the second part, the hydration
a) b)
FIGURE 7.3: a) Temperature evolution of the UHPFRC during testing), b) adiabatic temperature rise 
(A68)14
SAMARIS SAM_GE_DE18v01_01reaction began and there was enough water available for hydration that no capillary pressure built
up. The transition between the first and the second period was the moment when the temperature
began to rise at 1.2 days.
The RH decreased strongly until approximately 4 days. Then, it decreased constantly at a lower
rate. The strong decrease may be explained with the high hydration rate at early age. At higher ages,
the RH decrease was due to a slow hydration reaction and to drying to the surface, since the speci-
mens were probably not completely sealed. At early age, however, the internal drying exceeded the
external drying and the measurements were attributed to internal drying as a consequence of the
hydration reaction.
9 Compression properties
9.1 General
Tests on cylinders and on cubes were used to investigate the compressive strength and the secant
modulus of elasticity at 30% of the compressive strength. The test were performed at different ages
between 4 and 365 days in order to investigate the evolution of the properties as a function of time.
The development of the material properties can be described by different models. The first model
is from de Schutter [DeSchutter96] and considers the degree of reaction ξ as state variable. This
a) b)
FIGURE 8.1: Test set-up of the RH measurements: a) mould, b) measuring system
a) b)
FIGURE 8.2: Evolution of the RH (A70): a) early age, b) long term15
Part III: Material characterizationmodel describes well the material properties during the first five days after casting (EQ. 9.1)
[Bernard00].
The second model [Charif98] is adapted from the CEB-FIP model [CEB204] and describes the
development of strength and modulus in EQ. 9.2 as a function of maturity. It reproduces well the
evolution of strength for an age of more than five days after casting [Bernard00].  
Both models are used to describe the evolution of the mechanical properties in concrete - the de
Schutter model for the early age behaviour and the CEB-FIP model for the long term behaviour.
9.2 Testing and results
9.2.1 Concrete
Cubic specimens with a side length of 15 cm were tested in the laboratory of Element AG at the
age of 3 and 28 days. The tests at 3 days were used to determine whether the beams had sufficiently
hardened to be transported to the EPFL. These cubes were stored next to the beams. The cubes
which were tested at an age of 28 days were kept at 20 °C. The cylindrical specimens (∅16 cm, l =
32 cm) were stored next to the beams during the first four days. Afterwards, they were stored in a
water basin at 20 °C. The compressive strength and the Young’s modulus (secant modulus at 30% of
fcc) were determined at the LMC at an age of 28, 90 and 365 days (Table 9.3 and Table 9.4) after the
procedure described in the Swiss norm SIA 162/1, test n° 3 [SIA162/1].  
The resistance of the cubes and the cylindrical specimens varied due to the different shape of the
specimens. The strength of the cubic specimens was 10% higher than of the cylindrical specimens.
The cylindrical specimens were stored in water at a temperature of 20 °C after demoulding at an age
of 5 days. The cubic specimens remained in the formwork until testing at 20 °C.
with ξ [-]: degree of reaction, p(ξ): value of the considered property at a given
degree of reaction, ξ0 [-]: hydration threshold, c [-]: parameter. 
(EQ 9.1)
with M(t) [days]: maturity of the concrete at time t, p(M): value of the considered
property at a given maturity, s [-]: parameter characterizing the kinetics of the
cement, b [-]: parameter
(EQ 9.2)
TABLE 9.3: Compressive strength of the concrete
age
[days]
fcc
[MPa]
 fcm
[MPa]
specimen curing
3 35.6 36.9 36.0 36.2 ± 0.7 cube 15 cm next to the beams
28 51.1 52.4 49.8 51.1 ± 1.3 cube 15 cm at 20 °C
28 40.6 50.0 47.6 46.1 ± 4.9 cyl. 16 cm next to beams, water basin
90 49.2 55.0 52.4 52.2 ± 2.9 cyl. 16 cm next to beams, water basin
365 55.1 63.4 63.5 60.7 ± 4.8 cyl. 16 cm next to beams, water basin
p ξ t( )( ) p ξ = 1( ) ξ ξ0–1 ξ0–
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SAMARIS SAM_GE_DE18v01_01The compressive strength on the cylinders was 46 MPa at 28 days and 61 MPa at 365 days (1
year). The secant modulus was 37.8 GPa and 41.8 GPa at 28 and 365 days respectively. The early
age behaviour of the concrete was less important, since the age of the concrete at the beginning of
the structural tests on the beams was more than 5 months. Therefore, only the CEB-FIP model was
considered to model the evolution of the compressive strength and the secant modulus of the con-
crete. Figure 9.1 shows the test results and the mean values of each age of the compressive and the
secant modulus test as well as the parameters of the CEB-FIP and its evolution in time.  
The volumetric mass of the concrete was also determined during the tests to 2.45 kg/dm3.
9.2.2 UHPFRC
Cylindric specimens. The compressive strength and the secant modulus of elasticity were deter-
mined on cylinders (∅11 cm, l = 22 cm) at the LMC after [SIA 162/1]. The cylinders were stored in
the humid chamber after demoulding until testing.
The average compressive strength at 28 days was 168 MPa and the secant modulus 48.1 GPa
(Table 9.5 and Table 9.6). The specimen did not fracture suddenly during tests, but were hold
together by the steel fibres (Figures 9.2). The strength increased until approximately 90 days
(Figures 9.3). Then, the values became virtually constant, since no further increase was observed
between 90 and 365 days. The stable values suggest that the hydration process stopped or became
very slow at approximately 90 days.      
The de Schutter model describes well the evolution at early age (Figures 9.3a and 9.4a). The
CEB-FIP model, used to describe the evolution at long term, fits well for UHPFRC lower than 90
days, but overestimates the strength at 365 days (Figures 9.3b and 9.4b). Therefore, compressive
strength and secant modulus at 28 or 90 days may be assumed to be the final values. 
TABLE 9.4: Modulus of elasticity of the concrete
age 
[days]
Ecc  
[GPa]
 Ecm            
[GPa]
specimen curing
28 37.25 35.55 40.65 37.81 ± 2.59 cyl. 16 cm next to beams, water basin
90 40.20 39.00 38.70 39.30 ± 0.79 cyl. 16 cm next to beams, water basin
365 41.80 41.20 41.80 41.60 ± 0.34 cyl. 16 cm next to beams, water basin
a) b)
FIGURE 9.1: a) Evolution of the compressive strength, b) evolution of the secant modulus of elasticity 
of the concrete
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Part III: Material characterizationPrismatic specimens. Tests were conducted on prismatic specimens (7.2*7.2*21cm3) to investigate
the whole force-displacement curve in compression of the UHPFRC. These tests demand high sta-
bility during testing which was achieved by using a stiff test set-up and by adjusting the control
parameters of the testing machine. The tests were displacement controlled and performed on a
1000 kN universal testing machine (Schenck 1000 kN). The specimen was placed between two
10 cm thick steel plates (Figure 9.5). LVDT (A) measured the displacement between the steel plates
and was the LVDT that controlled the test. The deformations of the specimen were recorded with
three LVDTs (B) that were fixed on rings. The rings were placed at a distance of 11 cm in the middle
of the specimen. The used LVDTs had a range of ±5 mm and a precision of 1 µm. The tests were
performed at a displacement rate of 0.1 mm/min.  
Two tests were conducted on the prismatic specimens at 28 days. Figure 9.5b shows the stress-
strain diagram of the two specimens. The stresses were calculated by dividing the measured force by
FIGURE 9.2: Failure mode of a cylindric specimen, 
TABLE 9.5: Compressive strength of the UHPFRC
age    
[days]
fUc       
[MPa]
 fUcm      
[MPa] specimen batch curing
3 131.4 127.0 122.6 127.0 ± 4.4 cyl. ∅11 cm A45 stored in the humid 
chamber at the LMC
8 145.6 134.0 136.2 138.6 ± 6.2 cyl. ∅11 cm A45 stored in the humid 
chamber at the LMC
15 162.5 132.0 148.0 147.5 ± 15.3 cyl. ∅11 cm A45 stored in the humid 
chamber at the LMC
28 174.6 166.6 164.7 167.8 ± 4.3 cyl. ∅11 cm A16 stored in the humid 
chamber at the LMC163.0 167.4 170.4 A45
91 183.5 174.2 164.0 173.9 ± 9.8 cyl. ∅11 cm A16 stored in the humid 
chamber at the LMC
365 156.6 166.6 178.0 167.1 ± 10.7 cyl. ∅11 cm A16 stored in the humid 
chamber at the LMC18
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age  
[days]
Ecc   
[GPa]
Ecm     
[GPa] specimen batch curing
3 37.60 39.60 38.60 38.60 ± 1.00 cyl. ∅11 cm A45 stored in the humid 
chamber at the LMC
8 45.00 42.60 43.80 43.80 ± 1.20 cyl. ∅11 cm A45 stored in the humid 
chamber at the LMC
15 51.40 52.40 49.80 48.50 ± 3.70 cyl. ∅11 cm A16 stored in the humid 
chamber at the LMC47.70 42.00 48.00 A45
28 49.20 49.10 46.00 48.10 ± 1.80 cyl. ∅11 cm A45 stored in the humid 
chamber at the LMC
91 52.60 53.60 53.70 53.30 ± 0.60 cyl. ∅11 cm A16 stored in the humid 
chamber at the LMC
365 50.8 53.0 50.7 51.50 ± 1.30 cyl. ∅11 cm A16 stored in the humid 
chamber at the LMC
a) b)
FIGURE 9.3: Evolution of the compressive strength: a) de Schutter model, b) CEB-FIP model
a) b)
FIGURE 9.4: Evolution of the secant modulus: a) de Schutter model, b) CEB-FIP model19
Part III: Material characterizationthe cross section of the specimen (7.2*7.2 cm2). The deformation was the mean value of the three
LVDTs, divided by the base length of 11 cm. The compressive strength of the specimens was
130 MPa and was more than 10% lower than the strength of the cylindric specimens. This may be
due to the cross section (quadratic instead of circular) and to the increased ratio l/d = 3 instead of l/
∅ = 2 when compared to the cylinders. However, the tests were performed to investigate the overall
compressive behaviour, e. g. mainly the behaviour near the compressive strength and after the peak
of the compressive strength was reached. The results show that the stress-strain curve was linear-
elastic until approximately 95% of the compressive strength. The stress decreased rapidly after hav-
ing passed the peak. The pre-peak behaviour was identical for the two specimens, but the post-peak
behaviour was different. A45CP05 exhibited a very strong stress decrease which was characterized
by instabilities at the descending branch. The test set-up was not sufficiently well controlled to
obtain the post-peak behaviour. During the testing of A45CP04, no instabilities were observed: The
stress decreased strongly until a stress of 60 MPa where a change of the slope occurred. Afterwards,
the stress decreased slowly with increasing strain. 
The compressive behaviour shows a strong stress decrease after the maximum of the compres-
sive strength. At approximately 50% of the compressive strength, the slope changes and the stress
decreased slowlier. This means that few energy was released during the first part of the descending
branch, but more during the second part. The UHPFRC did not fracture completely when the peak
was reached, but was still hold together by the steel fibres. Therefore, more energy was needed to
obtain a complete fracture of the specimen. 
10 Tension properties
10.1 General
The tensile behaviour is evaluated with uniaxial tensile tests to obtain the whole force-displace-
ment curve before the formation of localized macrocracks and beyond the force-CMOD curve. A
stiff testing device is developed to avoid stresses due to bending in the specimen. As the test is
deformation-controlled, pre- and post-peak behaviour can be investigated.
10.2 Experimental Setups
Uniaxial tensile tests were conducted (Figure 10.1a) on an universal testing machine (capacity:
1000 kN). They were closed-loop displacement-controlled by the mean value of two LVDTs fixed
a) b)
FIGURE 9.5: Prismatic specimens: a) test set-up ((A) LVDT that controlled the test, (B) ring with 3 
LVDTs to measure the deformations), b) test results20
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up. The glue (Figure 10.1b, d) filled out the space between the specimen (Figure 10.1b, c) and the
surrounding metallic pieces (Figure 10.1b, a and b). However, there was no adherence between the
glue and the metallic pieces. Here, the stress transfer was guaranteed by interlocking in order to
ensure a uniform stress transfer. The test was designed for plates with a cross-section of 20*5 cm2 at
the supports.  
The tensile strength of the concrete was measured on cylindrical specimens (∅11 cm,
h = 21 cm), having a constant section to avoid stress concentration due to notches. The tests were
force-controlled with a rate of 3 kN/min.
10.3 Results
10.3.1 Concrete
The tensile strength of the concrete was determined at several ages (Table 10.1). Five cylinders
(∅11 cm, h = 21 cm) were tested at each age. At 28 and 84 days, several cylinders failed at the glued
surface and gave a lower boundary for the tensile strength. At 449 days, no failure occurred at the
glue and represented the value of the tensile strength.
a) b)
FIGURE 10.1: a) Set-up of the uniaxial tensile test: a) surrounding metallic pieces 
with interlocking, b) base plate, c) specimen, d) LVDT,  e) testing machine; 
b) force introduction at the end of the specimen from [Helbling87]: 
a) surrounding metallic pieces with interlocking, b) base plate, c) specimen, d) glue
TABLE 10.1: Tensile strength - cylindrical tests
age       
[days]
fct                                                                                                 
[MPa]
 fctm               
[MPa] specimen
28 3.61 2.77* 3.57* 3.52* 3.62* 3.42 ± 0.36 cyl. 11 cm
84 3.39* 3.17* 3.27 3.92* - 3.44 ± 0.33 cyl. 11 cm
449 4.53 4.73 5.11 5.06 3.95 4.68 ± 0.47 cyl. 11 cm
* failure at the glued surface
∅ 
∅ 
∅ 21
Part III: Material characterizationThe evolution of the tensile strength was modelled with the CEB-FIP model. All test results were
considered for the fit of the model. Figure 10.2a shows the comparison between the test results and
the CEB-FIP model. All test results as well as the mean values are drawn for each age of the testing;
the parameters of the CEB-FIP model are also given in the diagram.  
The whole force-displacement curves under tension were determined with the uniaxial tensile
test on notched prismatic specimens (5*20*5 cm3). Tensile tests were conducted at 28 days and 365
days of the concrete and the softening curve was deduced on the basis of these results
(Figure 10.2b). The specific fracture energy was approximately 120 J/m2.
10.3.2 UHPFRC
The tensile behaviour of the UHPFRC was investigated on notched specimens (50*20*5 cm3) at
4, 8, 14, 28 98 and 365 days. Furthermore, six tests were conducted on dogbone specimens to deter-
mine the secant modulus of the undamaged specimen. The tests were displacement-controlled with
the mean value of the two lateral LVDTs at a rate of 0.6 mm/h. The base of the controlling LVDTs
was 10 cm for the notched specimens and 34 cm for the dogbone specimens. The length was chosen
to span the whole cracking zone of the specimens in which cracking was likely to occur.
Table 10.2 gives an overview over the test results that were determined with notched specimens.
The only exception was the modulus at 28 days that was studied for notched and dogbone speci-
mens. The stresses fUt,max and fUt,1st were calculated by dividing the maximum force and the force
at the first cracking (at the end of the linear-elastic zone at the beginning of the test) by the reduced
section at the notch (16*5 cm2). Enotched is an estimation of the secant modulus during the linear-
elastic part at the beginning of the test, since no cycles were conducted to determine its value. The
secant modulus was also investigated on the dogbones specimens (Edogbone) with a constant reduced
cross-section (15*5 cm2). Here, the secant modulus was determined with three cycles between
approximately 5 and 50% of σ1st. Finally, the fracture energy was also investigated. The detailed
results can be found in Tables A.1 and Table A.1 in Appendix A.
Stress-displacement curve. The stress-displacement curves of the notched specimens at 28 days
are shown in Figure 10.3a. The displacement represents the mean displacement measured with the
LVDTs over a length of 10 cm. A stress rise was observed until a displacement of approximately
0.25 mm. Then, the stress decreased monotonously until the fracture of the specimen. The stress rise
was characterized by a steep linear-elastic stress rise. A sudden decrease in the slope was observed
at a stress of 9.1 MPa. No localized cracks were observed with the naked eye on the specimen and
a) b)
FIGURE 10.2: a) Evolution of the tensile strength (tests on cylinders), 
b) softening parameters of the concrete (B01)22
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(Figure 10.3b). At the maximum stress, a localized crack formed leading to the fracture of the speci-
men. Here, the LVDTs measured the crack mouth opening displacement of the localized crack. 
The mean curve of the test results is also traced in Figure 10.3. A domain of hardening was
observed until a deformation of approximately 0.28%. The stress-displacement curves of all tests
can be found in Figures A.2 to A.13 in Appendix A.  
The crack paths of the UHPFRC did not go straight from one notch to the other. The crack paths
can be found in Figures A.14 to A.45 in Appendix A. The assumption to take the reduced section of
the notched specimen as crack surface did not apply to all specimens. The crack surface was often
bigger and the stress lower. However, since it was difficult to estimate the surface, the assumption is
a simple way to calculate the tensile parameters for UHPFRC. The variability of the UHPFRC was
high at an age of 4 days (Figures A.2, A.3 in Appendix A). This may be due to the different fracture
surfaces (Figures A.14, A.15 in Appendix A). Therefore, the mean values of Table 10.2 were higher
at 4 days than at 8 days.
The eccentricities during testing were determined by four LVDTs fixed near the edges two on the
front side and two at the same places on the back side of the specimen, as shown in Figure 10.4a (A).
They were small and remained at approximately 0.04 mm at the maximum force between the 4
LVDTs fixed on the specimen and at 0.11 mm during softening near the end of the test
(Figure 10.4b). 
TABLE 10.2: Test results of the uniaxial tensile tests on notched specimens (UHPFRC)
age       
[days]
number of 
specimens
fUt,1st   
[MPa]
fUt,max 
[MPa]
Enotched 
[GPa]
Edogbone 
[GPa]
GF    
[kJ/m2]
4 3 5.8 7.1 37.4 - 9.9
8 3 5.6 5.8 37.3 - 7.9
14 2 7.6 7.6 39.1 - 11.2
28 5 9.1 11.0 41.0 - 20.2
28 2 - - - 53.5 -
98 3 11.2 12.7 45.8 - 23.8
365 3 10.2 12.9 45.3 - 24.2
a) b)
FIGURE 10.3: Tensile behaviour of the uniaxial tensile tests (at 28 days): a) stress-
displacement curve, b) stress-strain curve before cracking23
Part III: Material characterizationEvolution of the tensile properties in time. The evolution in time of the parameters of the tensile
behaviour was modelled with the CEB-FIP and the de Schutter model (Section 9.1). As the de
Schutter model describes well the early age properties, the model parameters were fitted with the
test results for 4, 8, and 14 days. The CEB-FIP model was fitted with all the test results.
Figure 10.5a shows the evolution of fUt,max and fUt,1st at early age and the fit of the de Schutter
model; Figure 10.5b shows the evolution of fUt,max and fUt,1st at long term and the fit of the CEB-
FIP model. The properties increased until 90 days and then became virtually constant. The same
evolution was observed for the evolution of the secant moduli Enotched, Edogbone and the fracture
energy GF (Figures A.46 to A.52 in Appendix A). It can be concluded that the hydration slowed
down to a very small rate at approximately 90 days. This may be explained with the low water/
binder-ratio and the low permeability of the UHPFRC that hindered water to penetrate into the spec-
imen.  
Secant modulus. The secant modulus on a constant section Edogbone was found to be 30% higher
than the secant modulus on the notched specimens Enotched. The two moduli can be described with
the same model parameters. Therefore, the model parameters were fitted on the notched specimens.
Then, the models were applied to Edogbone.
Evolution of the secant modulus. The secant modulus was measured at different displacements of
the LVDT by means of cyclic tests to determine the Young’s modulus with increasing cracking (and
damage) of the specimen. 
a) b)
FIGURE 10.4: a) Position of the LVDTs (A) during the uniaxial tensile test, b) eccentricities for 
specimen A18T03 (tested at 28 days) (F: front side, B: backside, L: left side, R: right 
side)
TABLE 10.3: Model parameters for uniaxial tension (UHPFRC)
Model fUt,1st fUt,max Enotched Edogbone GF
CEB-FIP                         s 0.23 0.23 0.23 0.23 0.23
b 1.6 1.6 0.72 0.72 1.5
p(M=28 days) 9.2 MPa 11 MPa 41 GPa 53.4 GPa 20.0 kJ/m2
de Schutter                  ξ0 0.17 0.17 0.17 - 0.17
c 8.5 8.5 2.2 - 8.5
p(ξ0=1) 19.1 MPa 21.2 MPa 52 GPa - 30 kJ/m224
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the evolution of the modulus in function of the displacements of the LVDTs. The secant moduli Ese-
cant are normalized by the first secant modulus Esecant0 measured during the linear elastic stress rise
at the beginning of the test and represents the secant modulus for the undamaged specimen.  
A strong decrease of the secant modulus was observed until 0.2 mm. At 0.2 mm, the secant mod-
ulus was at 15% of its initial value. Thus, the significant decrease occurred during the hardening
domain of the material. The decrease of the secant modulus indicated progressive damage of the
matrix of the specimen. The secant modulus decreased slightly for displacements that were higher
than 0.2 mm. This indicates that the UHPFRC matrix was completely damaged in the crack and that
the force was transferred by the fibres. The fibres were pulled out gradually to the fracture of the
specimen. The secant modulus measured at a displacement of 3 mm was at 10% of the initial modu-
lus Esecant0.
Summary. The uniaxial tensile tests show that the UHPFRC had a high fracture energy. A harden-
ing domain could be distinguished until a strain of 0.28% on the notched specimens and of 0.1% in
the dogbone specimens. Afterwards, softening occurred until the fracture of the specimen. The first
a) b)
FIGURE 10.5: Tensile strength of the UHPFRC: a) comparison to the de Schutter model, b) comparison 
to the CEB-FIP model
a) b)
FIGURE 10.6: Evolution of the normalized secant modulus during testing; a) whole diagram, b) detail25
Part III: Material characterizationcracking strength and the maximum tensile strength were fUt,1st = 9.1 MPa and fUt,max = 11 MPa
respectively at 28 days for the notched specimens which was approximately three times higher than
for the concrete. The evolution of the secant modulus shows that the matrix was mainly damaged
during the hardening domain. The softening zone was characterized by the pull-out of the steel
fibres in a completely damaged matrix at the crack.
11 Free shrinkage tests
11.1 Test set-up
Shrinkage was measured on 2 drying and 2 sealed cylinders (∅11 cm, l = 22 cm) (Figure 11.1).
The cylinders were kept in the climatic tent under constant ambient conditions (RH ≈ 40%,
T ≈ 20 °C). The sealed cylinders were isolated with two layers of self-adhesive aluminium which
was a very good moisture barrier [Toutlemonde96]. Two rings were fixed with three screws each on
the specimens with at a distance of 15 cm [Clement01]. A LVDT (HBM, W1T3, ±1 mm, precision:
±1 µm, recorded with an UPM60) measured the relative displacement between the rings. 
11.2 Results
11.2.1 Concrete
The cylinders were prepared for the shrinkage tests 22 hours after casting. The humidity barrier
was put on directly after the cardboard cylinder had been removed. The measurements starts 23
hours after casting. The measurements show a strong increase of deformation until an age of 80 days
(Figure 11.2a). Then, the increase of deformation slowed down and stabilized after approximately
365 days. The deformations of the sealed specimens were four times lower than those of the drying
specimens. The shrinkage deformation days was 800 µm/m for the drying specimens and 150 µm/m
for the sealed specimens at 365.
11.2.2 UHPFRC
The UHPFRC specimens were prepared two days after casting. The cardboard formwork of the
cylinders had been removed 4 hours before the start of the measurements. The cylinders were stored
FIGURE 11.1: Test set-up of the free shrinkage tests26
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The measures started 54 hours after casting.
The shrinkage deformation of the UHPFRC increased strongly until an age of approximately 90
days (Figure 11.2b). At this age, the deformation of the sealed specimens was 350 µm/m and
400 µm/m for the drying specimens. Then, the shrinkage deformation increased very slowly.  
The difference between the sealed and the drying shrinkage was small. The main difference was
observed during the first 20 days and indicates small moisture exchange with the surroundings. At
early age, this difference may be due to the hardening material. At the beginning, the permeability of
the material seems to be higher, since the hydration reaction was still creating the dense matrix.
12 Free and restrained autogenous shrinkage of the UHPFRC at early age
12.1 General
Free and restrained shrinkage tests were performed at the university LAVAL in Québec, Canada,
by M. Bouhlel, B. Zuber and B. Tamtsia Taboue (CRIB, under direction of Prof. J. Marchand) in
order to investigate autogenous shrinkage and viscoelasticity at early age. 
The test set-up consists of two moulds: one to measure free shrinkage and the second to measure
stress evolution due to the restraint of shrinkage. Thus, viscoelasticity can be deduced by comparing
the two tests. Linear deformation in horizontal direction is measured during testing. The test is
designed in a way that deformations and stresses can be measured from the moment when the mate-
rial exhibits a small stiffness. The test set-up is shown in Figure 12.1, further details can be found in
[Charron03], who improved the test to its present state.  
The deformations are measured with two LVDTs for each specimen. The deformation in the
specimen is obtained by the difference of the two LVDTs of one specimen and by dividing the dif-
ference by the base length of 75 cm. In the free shrinkage test, the deformations of the sealed speci-
men are recorded. In the restrained shrinkage test, also called “discretized restrained shrinkage”
DRS [Charron02], the deformations and the stresses in the specimen were measured. When the
stress reaches the stress limit of 0.01 MPa, i.e. the material has sufficiently hardened to sustain a
stress of 0.01 MPa, the system to control deformations is activated: the deformations are free until
they reach the threshold value of ∆εlimit = 6 µm/m. Then, they are reset by zero and the stresses in
the specimen increase. This process is shown in Figure 12.2. Discretized restrained shrinkage means
a) b)
FIGURE 11.2: Shrinkage deformation of a) B01and b) A4527
Part III: Material characterizationthat the stress is increased in steps: between two steps, the stress is constant and creep curves
develop. The deformation / stress increments at each step are used to deduce the elastic modulus.  
The test-set up is equipped with a temperature control consisting of pipes around the specimen in
which water circulates and cools or heats the specimen. The small cross-section of the specimen
(5*5 cm) leads to a small temperature gradient (< 0.1 °C) in the specimen. 
FIGURE 12.1: Conceptual illustration of the discretized restrained shrinkage (DRS) test setup (from 
[Charron02])
FIGURE 12.2: Test procedure of the DRS test (from [Charron02])
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The test program consisted of three tests on the investigated UHPFRC: two at isothermal condi-
tions at 20 °C and one without temperature control. The temperature of the surrounding was approx-
imately 20 °C, thus, the temperature in the test without temperature control was also expected to be
approximately 20 °C at the beginning and the end of the test.
12.3 Test results
Several problems occurred during testing. Unfortunately, not all necessary information was
available to clarify all uncertainties of the test results. In the first test, the temperature control of the
specimen should had been controlled by a temperature sensor placed in the specimen. However, this
system did not work and the bath was controlled by its internal temperature sensor at 20 °C. Thus,
the temperature in the specimen varied approximately 1.5 °C (20.5 °C ±0.75 °C). The temperature
sensors in the specimen were not well calibrated during the second and the third test (the test at
ambient temperature and the second isothermal test) and were adjusted by making hypotheses on the
initial temperature (20 °C). Finally, during the second isothermal test, the control of the test did not
work during 15 and 27 hours and the beginning of setting was not controlled. Furthermore, the
recording of one of the LVDTs of the free shrinkage tests was far to high and indicated a problem
during data acquisition. As the problems during testing were not entirely known and the uncertain-
ties of the measurements could not be controlled, this test was not treated any further. 
Thus, only the results of one isothermal test at 20 °C (the first test) and the test at ambient tem-
perature are discussed. Their test results were presented in Figures 12.3 and 12.4 respectively: The
displacements measured with the LVDTs in the free and the restrained shrinkage tests are shown in
Figures a). The displacements were zeroed at the beginning of the test (after the casting of the spec-
imens). The deformations, calculated by the difference of each pair of LVDTs which was divided by
the base length, are traced in Figures b).  
Figures c) and e) show the free shrinkage curve, the “shrinkage + creep” curve deduced from the
DRS test and the creep curve, deduced by subtracting the “shrinkage + creep” curve from the free
shrinkage curve. Compression creep at very early age and the tensile creep are shown in Figures c),
while only tensile creep is traced in Figures e). 
Figures d) show the evolution of the stress in the DRS test and the moduli of elasticity calculated
for each load step. It must be noted that the moduli were rough estimations that were calculated on a
deformation ∆εlimit = 6 µm/m and a small load steps (< = 0.5 MPa). Moreover, the deformation rate
was slow with 3 µm/m/min.
The temperature evolution in the centre and at the side of the specimen as well as the temperature
in the bath were traced in Figures f). It can be seen that the temperature difference in the specimen
remained always below 0.5 °C. However, a temperature rise of 1 to 1.5 °C was observed in the spec-
imens at approximately 30 hours. Thus, the isothermal test was not a real isothermal test and shows
nearly the same temperature evolution than the test at ambient temperature. Therefore, both tests can
be directly compared and treated in the same way.
The results of the two tests were in good agreement with a scatter of 15% between the two tests:
The free autogenous shrinkage amounted to 300 to 350 µm/m after 168 hours (Figures 12.3e and
12.4e). The tensile creep deformation was evaluated to 160 to 250 µm/m; the difference in the val-
ues was explained by the stress history that varied for the two tests. The creep deformation was
depending on the stress in the specimen and was not a specific creep curve. 
The stresses rise to 4.2 and 3.9 MPa respectively at the end of the test at 168 hours (Figures 12.3d
and 12.4d). The moduli of elasticity increased strongly in stiffness from 30 to 72 hours and evolved
slowly afterwards. The high scatter of the moduli in Figure 12.4e may be explained by the imprecise
way of deducing this parameter.29
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c) d) 
e) f)
FIGURE 12.3: Test results of the isothermal DRS test at 20 °C: a) raw displacements of the LVDT, 
b) deformations in the free and restrained shrinkage test, c) free shrinkage, creep + 
shrinkage, and calculated creep curve, d) stress and calculated secant modulus, e) free 
shrinkage, creep + shrinkage, and calculated creep curve under tension, f) temperature 
evolution in the specimen and in the bath that supplied the temperature control of the 
specimen30
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c)
 no creep in compression was observed and 
 the figure was identical to e)
d) 
e) f)
FIGURE 12.4: Test results of the isothermal DRS test without temperature control: a) raw 
displacements of the LVDT, b) deformations in the free and restrained shrinkage test, 
c) free shrinkage, creep + shrinkage, and calculated creep curve, d) stress and 
calculated secant modulus, e) free shrinkage, creep + shrinkage, and calculated creep 
curve under tension, f) temperature evolution in the specimen (temperature sensors 
probably not calibrated)31
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13.1 General
Compression creep tests were conducted on cylinders in a climatic chamber at 20°C ± 1 °C and a
RH of 60% ± 5%. In parallel, the shrinkage deformation was measured. For each configuration,
deformations were measured on two sealed and two drying specimens with a dial gage (Compac,
Geneva, type 556 E, nominal accuracy: ± 1 µm) (Figure 13.1). The real precision of the gage was
below this value, since temperature influences (heating of the gage with the hands during measure-
ments) and the manual data acquisition led to errors.  
The cylinders were stored in water until 30 minutes before the start of the test. Then, the pieces
for the measuring device were fixed on the cylinders and two layers of self-adhesive aluminium
were applied to seal the cylinders. So, water exchange with the environment was prevented
[Toutlemonde96].
13.2 Results
13.2.1 Concrete
The compressive creep tests of the concrete were conducted on cylinders (∅11 cm, l = 22 cm).
The load level was approximately 25% and 50% of the compressive strength fcc at 28 days, corre-
sponding to stresses of 11.5 MPa and 23 MPa respectively. The initial temperature of the cylinders
was approximately 27 °C at the beginning of the test. The creep tests started at a concrete age of 137
days.
Figure 13.2 shows the creep compliance of the concrete. A significant difference was observed
for the drying and the sealed specimens. The creep compliance of the sealed specimens - the basic
creep - was nearly constant, while the creep compliance of the drying specimens increased monoto-
nously. A constant slope developed after approximately 15 days.  
The measurements on the sealed specimens were imprecise due to the measuring system. The
measuring points were glued on small aluminium angles. The angles were fixed with screws and
 a) b)
FIGURE 13.1: a) Creep test set-up, b) free shrinkage specimens with dial gage (UHPFRC)32
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the first seven days of testing. This interaction apparently only occurred in the sealed specimens.
Therefore, the absolute values of the sealed specimens were probably higher than measured. Fur-
thermore, the specimen temperature at the beginning of the test also distorted the measured values in
the beginning of the tests.
13.2.2 UHPFRC
The cylindrical specimens (∅6.9 cm, l = 22 cm) were loaded at an age of 6 days with a compres-
sive stress of 34 MPa and 58 MPa. Considering a compressive strength at 3 days of 127 MPa
(Chapter 9.2.2), the load corresponded to 27% and 46% of the compressive strength at the beginning
of the test. The creep measurements started during the early age of the concrete when the material
properties still change. 
Figure 13.3 shows the creep compliance of the UHPFRC specimens. No distinction can be made
between the drying and the sealed specimens. The mean creep compliance of the specimens was
50 µm/m/MPa after 250 days. The slope of the creep compliance was constant, until it became virtu-
ally constant at 50 µm/m/MPa after approximately 90 days.  
FIGURE 13.2: Creep compliance of the concrete (B01)
a) b)
FIGURE 13.3: Creep compliance of the UHPFRC33
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tic dowels and screws may have moved at the early age. Furthermore, some cylinders of the column
with a load of 34 MPa were not plane and started to move in the testing device. Eccentricities were
created leading to unequal deformations in the specimens. Therefore, the column with 34 MPa was
unloaded 3 days after loading and the cylinders were adjusted. Afterwards, the column was
reloaded. Small eccentricities still existed in the columns with 34 MPa. Despite of the problems dur-
ing testing, the measurements of the UHPFRC were exploited. It was obvious that the measurements
were imprecise, but the order of magnitude of the results was correct.
14 Reproducibility of the UHPFRC
14.1 General
Compressive and flexural tests on prisms (4*4*16 cm3) were used to evaluate the reproducibility
and the quality of the UHPFRC batches. The size was chosen to minimize the material used for
these tests. Furthermore, the size corresponds to the standard test size for cement pastes [EN196/1],
so, standardized test set-ups could be used (Figure 14.1). As the UHPFRC has a very fine matrix
(biggest aggregate diameter: 0.5 mm) and quite short steel fibres (l = 10 mm) and the casting proce-
dure was always the same, the tests indicated well the quality and the reproducibility of the material. 
The prisms were first broken in two halves with the flexural test (rate: 150 min./40 mm (position)
at the W&B 200 kN). Then, compressive tests were conducted on each prism half (rate: 1 mm/min.
(position), Schenck 1000 kN). The upper side of the prisms during casting was on the side during
testing.
14.2 Results
Three prisms were cast from each batch. The tests on the prisms were conducted at 28 days. They
were statistically treated to evaluate the reproducibility of the UHPFRC. The box plots show that
there were nearly no outliers in the data (Figure 14.2). Compressive strength fUc decreased form
series to series. The flexural strength fUfl of the first two series (A01_19, A20_58) was nearly iden-
tical, but it was lower for the last series (A60_71).  
A normal law was applied for each series and for all the prisms (Figure 14.3, Table 14.1).
Table 14.1 shows the number of specimens considered for each series, the mean, the standard devia-
tion and the coefficient of determination (R2) for the fit of the normal distribution. As the coefficient
of determination was always higher than 0.94, the normal distribution can describe the test data.  
The decrease in strength of series A60_71 may be explained with the aging of the constituents of
the UHPFRC. The cement and super plasticizer were purchased before the first and the second
series. It was possible that during the storage in the structural laboratory hall, chemical or physical
a) b)
FIGURE 14.1: Test set-up for the prisms: a) flexural test, b) compressive test
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(A20_58) was higher than the one of the third series (A60_71) for the same average ambient temper-
ature (6). This may also be a sign of a reduced binder reactivity due to an alteration of the constitu-
ents during mixing of the third series.
a) b)
FIGURE 14.2: Box plot of the a) compressive strength and b) the flexural strength
a) b)
FIGURE 14.3: Normal distribution of the a) compressive strength and b) the flexural strength
TABLE 14.1: Results of the tests on the prisms
flexural strength fUfl compressive strength fUc
name
casting
period
no. 
prisms 
[-]
mean 
value 
[MPa]
standard 
deviation 
[MPa] R2
mean 
value 
[MPa]
standard 
deviation 
[MPa] R2
A01_19 07/02 51 48.8 5.9 0.97 240 10 0.95
A20_58 11/02 117 53.6 8.6 0.99 227 11 0.98
A60_71 02/03 36 40.9 5.4 0.94 216 9 0.99
Total 204 50.2 8.8 0.99 229 14 0.9935
Part III: Material characterization15 Adherence tests
15.1 Uniaxial tensile tests
The tensile resistance in the interface zone was tested with uniaxial tensile tests on cylindrical
specimens with a diameter of 5.45 cm (Figure 15.1a). The average height of the concrete was 15 cm
and the one of the UHPFRC 10 cm. The specimens were drilled out of a composite block of
50*50 cm2 consisting of concrete and CEMTECmultiscale®. The surface of the concrete was prepared
by hydrodemolition. The block was prepared exactly the same way as the beams of the structural
testing. The tests were conducted on an universal testing machine (W&B, 200 kN) at a rate of
0.12 mm/min. (350 min. for 40 mm).  
The adherence strengths of all specimens are shown in Table 15.1. All specimens failed near the
contact surface in the concrete (0 to 2 cm from the interface). Hydrodemolition seems to induce
damage into the concrete. This damaged zone had a thickness of about 2 cm. The failure surface of
the specimens was often at the interfacial transition zone (ITZ), i.e. the zone between aggregate and
cement paste. Low failure values were often due to a high percentage of ITZ-failure. The high varia-
bility of the results may be due to the small diameter of the specimens when compared to the aggre-
gate size. All the specimens failed mainly in the concrete and to a minor part (≈ 5 to 10%) at the
contact surface (Figure 15.1b). The mean tensile strength at the interface was 2.49 MPa ± 0.39 MPa,
approximately 75% of the concrete tensile strength. The apparent tensile strength of the concrete
during the adherence tests was lower than the one measured with the uniaxial tensile tests on plain
concrete specimens (Chapter 10.3.1). No dependency on the age of the concrete was observed.
The failure in the concrete may also be due to bending effects during cracking as a consequence
of the different stiffnesses of the materials. As the test set-up was flexible (articulations at the ends),
the crack started at one side of the specimen and so, a bending moment was introduced to the speci-
men.
a) b)
FIGURE 15.1: a) Test setup of the adherence tests (ø 5.45 cm), b) typical fracture (AR15)36
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The behaviour of the interface was also investigated with the Wedge Splitting Tests (WST).
Therefore, specimens were sawn out of a block (50*50 cm2) consisting of concrete and CEMTEC-
multiscale
® (Figure 15.2a). The tests were conducted on an universal testing machine with a maxi-
mum force of 200 kN (Walter & Bai). They were deformation controlled by the mean value of the
upper LVDTs at a rate of 0.24 mm/min. (Figure 15.2b). The crack mouth opening displacement
(CMOD) was measured with the lower LVDTs.  
Figure 15.3 shows the horizontal force in relation of the CMOD. Different maximum forces were
measured during the tests. The variability may be explained with the crack path. As the interface had
a high roughness, the notch can not be sawn exactly at the interface. Therefore, the end of the notch
was sometimes totally in the concrete, sometimes it passed partially in the UHPFRC. As the tensile
strength and fracture energy of the UHPFRC were much higher than for the concrete, the maximum
force was influenced even by very small parts of UHPFRC at the crack path. The crack deviates
always into the concrete, where it passes mainly through the ITZ. However, it goes also through
some aggregates. The cracks did not follow the contact zone between CEMTECmultiscale® and con-
crete indicating good adherence at the contact zone. 
The strong influence of the UHPFRC on the maximum force of the WST tests complicates con-
siderably the interpretation of the WST tests. The high roughness of the interface makes it impossi-
ble to deduce an adherence strength at the interface zone. The WST test is therefore not adapted to
determine the interface strength of hydrojetted surfaces with their high rugosity when the two
cementitious materials have significantly different mechanical properties.
TABLE 15.1: Interface tensile strength of the adherence tests in uniaxial tension
age 
B01 
[days]
fct,I                                                                                                     
[MPa]
 fctm,I 
[MPa] specimen
182 2.58 1.50 2.48 2.24 2.82 2.76 1.81 2.34 2.34 2.32 ± 0.43  5.45 cm
197 2.74 2.28 2.37 2.82 2.01 2.61 3.04 2.83 2.59 ± 0.34  5.45 cm
459 2.10 2.17 2.72 2.13 2.28 ± 0.30  8.60 cm
533 2.69 3.12 2.90 2.75 2.62 2.82 ± 0.20  8.60 cm
a) b)
FIGURE 15.2: a) Dimensions, b) test set-up of the WST specimens
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Part III: Material characterization16 Summary of the material characterization
The material tests were conducted on a normal strength concrete and on a type of CEMTECmulti-
scale
®. The reproducibility of the UHPFRC was good, i.e. the standard deviations of the flexural and
compressive strengths of all batches was approximately 15%. The properties of the two materials
are summarized in Table 16.1.
The advantages of the UHPFRC when compared to the concrete were:
 •  the casting technology, (the UHPFRC was self-compacting, the concrete had to be vibrated)
 •  the high compressive strength,
 •  the significantly improved tensile properties, (the tensile strength was 3 times higher than of
concrete; the fracture energy 150 times higher; furthermore, hardening behaviour until a
deformation of 2.5 ‰ was observed on the notched specimens.),
 •  the low permeability. (The low permeability was measured with the Torrent test on the beams
(Section 19.4.5).) It was indirectly observed by the deformations of the free shrinkage speci-
mens, where an important difference between the sealed and the drying specimens was
observed for the concrete, while it was small for the UHPFRC.)
However, the UHPFRC had also disadvantageous properties when compared to the concrete:
 •  The heat of hydration was higher, however, the consequences for early age deformations are
small, since UHPFRC is foreseen for an application in slender elements.
 •  The strong self-desiccation at early age caused higher autogenous shrinkage in the UHPFRC,
but the overall shrinkage of UHPFRC is comparable and even smaller than for normal
strength concretes.
It can be concluded that the UHPFRC had significantly improved properties when compared to
the normal strength concrete. However, the contraction due to internal thermal and hygral changes
(mainly at early age) was higher than for normal strength concrete. The higher deformations may
lead to higher stresses in case of restraint or gradients which may be balanced by the high strengths
and the hardening behaviour in tension. Therefore, the interaction between stresses and strength
must be evaluated to estimate if the advantageous properties of the UHPFRC can be exploited in
structural elements or if damage is caused.
The tests of the adherence strength at the interface zone show that the contact surface between
UHPFRC and concrete can be prepared such that no fracture occurred exactly at the contact surface.
The fracture always occurred in the concrete at 0 to 3 cm from the interface. The adherence strength
was 2.5 MPa, approximately 75% of the concrete tensile strength.
FIGURE 15.3: Force- CMOD diagram of the WST tests38
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Property UHPFRC concrete
Fresh material (Section 6) self-compacting vibrated
Heat of hydration (Section 7) Tadiab,final 117 °C 75 °C
Humidity (Section 8) 90% after 5 days - (not measured)
Compressive properties 
(28 days) (Section 9)
fcc 168 MPa (cyl. ∅11 cm, 
28 days)
46 MPa (cyl. ∅11 cm, 28 
days)
Ecc 48.1 GPa (cyl. ∅11 cm, 
28 days)
37.8 GPa (cyl. ∅11 cm, 
28 days)
Tensile properties (28 days) 
(Section 10)
fct 10.9 MPa (notched 
plates, 28 days)
3.4 MPa (cyl. ∅11 cm, 
28 days)
GF 21’000 J/m
2, hardening 
(notched plates, 28 days)
120 J/m2 (28 days)
strain-
hardening
2.8‰ (notched plates, 28 
days)
no strain-hardening
Shrinkagea (Section 11) drying 400 µm/m (365 days) 700 µm/m (365 days)
autogenous 350 µm/m (365 days) 100 µm/m (365 days)
Shrinkage at early age 
(Section 12)
autogenous 325 µm/m (7 days) - (not measured)
Restrained shrinkage at early 
age (Section 12)
autogenous σ = 4.2 MPa (after 7 
days), relaxation of 
approximately 40%
- (not measured)
Compression creepb 
(Section 13)
drying 50 µm/m/MPa (after 90 
days), stabilization after 
90 days
55 µm/m/MPa (after 90 
days), no stabilization 
after 365 days
sealed
Evolution of the material  
properties
The material properties 
became virtually con-
stant after 90 days.
The material properties 
still evolve after 365 
days.
a. The measurements started one day after setting.
b. The compression creep tests started at 137 days for the concrete and at 6 days for the UHPFRC.39
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Part IV: Structural Testing on Composite Beams17 General
The aim of the structural testing was to investigate the structural behaviour of composite struc-
tural elements made of UHPFRC and reinforced concrete. The reinforced concrete substrate simu-
lates an existing structural element, while the UHPFRC was added as new material. The differences
in the material properties of UHPFRC and concrete may lead to deformations and cracking in the
composite element. Therefore, it is essential to prove that the combination “UHPFRC-concrete” is
appropriate, i.e. there are no deformational incompatibilities and the advantageous properties of
UHPFRC are exploited. 
Different configurations for slender composite beams were tested: Thin UHPFRC layers were
designed to protect the existing concrete structure, while thicker UHPFRC layers with and without
additional reinforcement were designed to increase the ultimate resistance of the structure and to
protect the existing structure. So, the influence of the thickness of the UHPFRC layer and the degree
of reinforcement in the UHPFRC layer were investigated in the experimental campaign. The degree
of restraint was varied by the different thicknesses of the UHPFRC layer and by two different static
systems: a statically determinate and a statically indeterminate system. Some of the statically deter-
minate beams were loaded 4 weeks after having cast the UHPFRC layer to investigate flexural creep
in the beams.
The structural behaviour of composite structural elements was investigated by means of early age
and long term tests and fracture tests.
Early age and long term tests. The UHPFRC deforms as a consequence of the hydration reaction
and associated hygral and thermal variations. These deformations occur mainly at early age, but
continue also in the long term. When UHPFRC is used in combination with concrete to form com-
posite elements, the UHPFRC causes deformations in the whole composite element. In case of
restraint or gradients, stresses build up in the structural element and may lead to cracking. The early
age and long-term tests were conducted to describe quantitatively and qualitatively deformations
and cracking of the beams as well as to estimate th stress level.
Fracture tests. Fracture tests were carried out on the structural elements after the long term tests.
The fracture tests were conducted to answer the following questions:
• What was the ultimate resistance of the beams? 
• How did the stiffness of the beams develop during the fracture test?
• Is the fracture of the beams announced by large deformations?
• Have cracks formed during the long term tests? Do these cracks influence stiffness and ultimate
resistance during the fracture tests?
• How did the cracks propagate under pure bending? Is there debonding at the interface did the
beams behave in a monolithic way until fracture? were there many small cracks or some large
cracks? How many localized macrocracks occur? How did the crack openings develop?
18 Experimental program
18.1 Test specimens
Old layer. The structural tests were conducted on 15 “UHPFRC-concrete” beams with a length of
540 cm. The concrete substrate had a section of b*h = 30*17 cm (Figure 18.1a) with a thickness of
the cover concrete of 2 cm. The width of the section was chosen with regard to the UHPFRC layer:
Since the fibre length of the UHPFRC was 1 cm, 30 cm were assumed to lead to a representative
fibre distribution in the element. The concrete cover of 2 cm was removed from the upper surface by
hydrojetting in order to prepare the contact surface between concrete and UHPFRC. The thickness42
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have a thickness of approximately 22 cm [Broquet99]. Considering hydrojetting of 5 to 7 cm on
existing bridge decks, a thickness of the concrete substrate of 15 to 17 cm would remain. 
The reinforcement of the concrete substrate consists of steel bars with fsy = 500 MPa (S500)
(Figure 18.1a). The stress-strain curve of the rebars can be found in [Guandalini04]. The lower rein-
forcement (As,low) was chosen to ensure that the tensile stresses due to the positive moments were
transferred without fracture of the beams. The upper reinforcement had a reinforcement ratio of
ρ =0.83%. Stirrups were placed in beams. They had smaller distances near the supports of the stati-
cally indeterminate beams than in the statically determinate beams to take up the force introduced
into the supports. The reinforcement drawings can be consulted in Appendix C. 
18.2 Test parameters
• Thicknesses of the UHPFRC layer of 3, 5 and 10 cm were chosen. So, the final section of the
beam was 18, 20 and 25 cm for thicknesses of the UHPFRC layer of hU = 3, 5 and 10 cm respec-
tively (Figure 18.1b). 
• Additional reinforcement was placed in half of the beams with hU = 5 and 10 cm with a ratio ofρs,U = =As,U/(b⋅hU) = 2%.
• The degree of restraint was essential for the stress level in the structure during the early age and
long term tests. The higher the degree of restraint, the higher were the stresses in the structure.
Usual degree of restraints are 0.40 to 0.60 [Bernard00]. High degrees of restraint are obtained by
using a statically indeterminate systems. A choice had to be made between the degree of restraint
and the deformations of the structure. Two different static systems were used in this experimental
campaign: statically determinate beams and statically indeterminate beams with three spans. The
10 statically determinate beams and the 5 statically indeterminate beams differed only in the
static system, but not in the general beam configuration. The ratio of longitudinal reinforcement
was equal for all beams (Figure 18.1). 
• The flexural creep behaviour was investigated on half of the statically determinate beams that
were loaded 28 days after the casting of the UHPFRC layer. 
An overview over the tested beams and their parameters is given in Table 18.1. 
18.3 Test program
The beams were tested in three series, since there was not enough space in the structural hall for
a simultaneous testing of all the beams. The detailed program can be found in Appendix B. 
Early age and long term tests as well as fracture tests were conducted. During the long term tests,
deformations of the beams and their temperature evolution were measured. The measurements
started before the casting of the UHPFRC layer and last until an age of the UHPFRC layer of 80
days. The beams subjected to flexural creep were loaded after 28 days and remained loaded for 7
weeks. Afterwards, the creep recovery was measured for at least 2 days. After the long term tests,
a)  b)
FIGURE 18.1: a) Section of the concrete substrate, b) section of the composite element43
Part IV: Structural Testing on Composite Beamsthe fracture behaviour was investigated with four-point-bending tests, inducing a constant negative
bending moment in the central span and tensile stresses in the UHPFRC layer.
18.4 Preparation of the concrete substrate
18.4.1 Casting
The concrete substrate of the beams was cast at the prefabrication company Element AG in
Tafers (Fr) the 7th February 2002 in the afternoon at an average ambient temperature of 6 °C. The
formwork consisted of laminated timber beams (thickness 10 cm) that were fixed on a metallic
vibrating table (Figure 18.2a). The formwork was stiff and had a high accuracy. The 5 statically
indeterminate beams were cast in the hall, while the 10 statically determinate beams were cast out-
side under a shelter. The temperature in the hall was higher than outside, however, the doors of the
hall were open during the day. The temperature evolution of the concrete substrate and the ambient
temperature were measured during the first four days after the casting of the concrete substrate.  
The vertically and horizontally fixed supports of the statically indeterminate beams were incor-
porated into the concrete substrate. Hollow tubes were placed in the concrete section for the restraint
of vertical displacements. Steel plates with dowels were placed at the supports for the horizontal
restraint (Figure 18.2b, see also reinforcement drawings in Appendix C). The steel plates were put
on the vibrating table without any fixation and moved during the casting between 0 and 8 mm.
These eccentricities were compensated during testing.
Due to the low ambient temperature, the curing of the fresh concrete was extremely important:
The beams were covered with a plastic sheet and an thermally isolating cover. The statically indeter-
minate beams were heated with warm air that was introduced with two pipes between the plastic
sheet and the isolating cover. The heating of the beams was turned on one hour after casting and
turned off after 10 hours, the next morning at 7:00 am. The heating was turned on a second time: for
the statically determinate beams on friday at 4:00 pm. to 6:00 pm., and for the statically determinate
beams from 9:00 am. to 4 pm. Covers and formwork were removed after 85 hours (after 3 1/2 days,
on Monday, 11.2.2002) and the beams were stored under a shelter at Element AG until their trans-
port to the EPFL on Tuesday afternoon (12.2.2002).
TABLE 18.1: Parameters of the beams
Name Static system hU Reinf. Loading
Moment 
due to 
loading
Degree of 
restraint at 
28 days
I3 determinate 30 mm - - - 0.51
I3L determinate 30 mm - 1015 kg 9.1 kNm 0.51
H3 indeterminate 30 mm - - - 0.76
I5 determinate 50 mm - - - 0.44
I5L determinate 50 mm - 750 kg 6.8 kNm 0.44
I5R determinate 50 mm 4 10 - - 0.44
I5RL determinate 50 mm 4 10 750 kg 6.8 kNm 0.44
H5 indeterminate 50 mm - - - 0.67
H5R indeterminate 50 mm 4 10 - - 0.67
I10 determinate 100 mm - - - 0.44
I10L determinate 100 mm - 1605 kg 14.4 kNm 0.44
I10R determinate 100 mm 4 14 - - 0.44
I10RL determinate 100 mm 4 14 1605 kg 14.4 kNm 0.44
H10 indeterminate 100 mm - - - 0.53
H10R indeterminate 100 mm 4 14 - - 0.53
∅
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The concrete substrata were stored in the structural hall at an average temperature of 22 °C and a
RH of 47% (Figure 18.3). An epoxy resin (SIKA Sikafloor-156) was applied twice (Thursday,
14.2.2002 and Friday, 15.2.2002) on the sides of the beams in order to obtain drying only in vertical
direction.  
18.4.3 Preparation of the interface
The concrete cover of 2 cm was removed by hydrojetting from the upper side of the beam. The
hydrojetting was performed by the company Hubert Etter et fils SA outside the structural hall may,
14th and 15th 2002 (Figure 18.4). A robot with a turning jet at high pressure (2500 bar, 35 l/min. of
water) was used. The pressure probably provoked bending cracks at the bottom of the beams. The
cracks formed always at the position of a stirrup. The last 10 cm of one end of the beams were not
hydrojetted to protect the cables of the sensors in the beams (see Section 18.6.2). Afterwards, the
beams were stored again in the structural hall. As the epoxide resin layer was partially removed dur-
ing hydrojetting, two new layers were applied (16./17.5.2002).  
a) b)
FIGURE 18.2: a) Formwork of the statically determinate beams (before casting), b) vertically and 
horizontally fixed support before casting
FIGURE 18.3: Temperature and RH in the structural hall45
Part IV: Structural Testing on Composite Beams18.5 Casting of the UHPFRC layer
The UHPFRC layer was cast in the structural hall of the EPFL. Therefore, a concrete mixer
(EIRICH R08 W, 75 l) with a maximum capacity for 47 l of UHPFRC was used. The concrete sub-
strates were installed in the climatic tents (T = 20 °C, RH = 40%) at least 3 days before casting, and
the supports of the statically indeterminate beams were fixed. The formwork was fixed with clamps
on the concrete substrate. The measuring systems were installed and started to record one day before
casting. So, deformations and temperatures were measured during casting. The tents had to be
removed during casting, since the skip was lifted with the overhead crane. The upper side of the con-
crete beams, the future interface, was moistened two times before casting, approximately one hour
before casting and just before casting. So, the difference of RH between the UHPFRC and the con-
crete substrate was decreased and the concrete substrate did not pump too much water from the
UHPFRC layer.   
The first test series consisted of six beams of the test series with hU = 5 cm. The quantity of
UHPFRC was too big for one batch, so two batches were cast in succession. The first batch was kept
in the skip and covered with a plastic foil. The second batch was poured in the skip and was slightly
mixed with the first one with a steel bar. Then, a beam was cast in one go. The second test series, six
beams with hU = 10 cm, was cast with a central joint. Two batches were always mixed together. As
four batches were needed for each beam, a joint was situated in the middle of the beam. The casting
procedure can be seen in Figures 18.6 and 18.7. The casting of each part started in the middle of the
beam to avoid having the end of the batch, where fibre concentrations sometimes occurred, in the
FIGURE 18.4: Hydrojetting of the beams
a) b)
FIGURE 18.5: a) Formwork of the statically indeterminate beams, b) casting of the UHPFRC46
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was equal to the one of the first series (hU = 5 cm).  
The UHPFRC always showed good workability and no signs of segregation. Fibre accumulations
occurred at the end of the batches. As the end of the batch was always situated at the end of the
beams, the mechanical properties in the beams were not changed due to these accumulations.
The climatic tents were installed over the beams immediately after casting, and the air condition-
ing was turned on approximately one hour after casting. The formwork of the UHPFRC layer was
removed after approximately 5 days (cf. Appendix B). Afterwards, two layers of the epoxide resin
were applied to the sides of the beams to hinder moisture exchange with the environment.
18.6 Long term tests
18.6.1 Test set-up
The long term tests were also designed to investigate the early age of the UHPFRC layer of the
composite beams. Therefore, beams and measuring systems were installed before the casting of the
UHPFRC layer.
The statically determinate beams had one fixed and one pin support with a central span of
240 cm and cantilevers of 150 cm (Figure 18.8, Figures 18.9a). After 28 days, the climatic tent was
removed to load half of the beams with boxes filled with lead to investigate the creep behaviour of
the beams. The boxes were put on neoprene sheets at a distance of 30 and 90 cm from the ends of the
beams. First, the box near the fixed support was put on the beams with the overhead crane. Under
a) b)
FIGURE 18.6: Beams with hU = 10 cm: a) joint, b) casting of the joint
FIGURE 18.7: Casting procedure of the beams with hU = 10 cm
1
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Part IV: Structural Testing on Composite Beamsthe box, the beam was supported with a hydraulic lift to avoid a reversal of the beam during the
asymmetric loading. Then, the second box was put on the beam and the hydraulic lift was removed.
Afterwards, the climatic tent was put again over the beams. The loading of the beams took one hour.
The lead boxes were removed after seven weeks with the inverse procedure of the loading. The
creep recovery was measured for two days for the first series and five days for series 2 and 3. The
measurements were stopped after approximately 12 weeks, and the beams were prepared for the
fracture tests.   
The statically indeterminate beams had four supports (Figures 18.9b and 18.10). The two central
supports were at the same position as the supports of the statically determinate beams
(Figure 18.11a). These supports were supposed to restrain vertical and horizontal deformations. The
vertical displacements were hindered with prestressed rods, the horizontal displacements with steel
plates prestressed to the base steel profiles that were also anchored by prestressed bars in the floor of
the structural hall. The restraint in vertical direction worked very well, however, the restraint in the
horizontal direction worked only partially, since the system was not sufficiently stiff. Two supports
were placed at 30 cm from the ends of the beams (Figure 18.11b). These supports were only fixed in
the vertical direction. Their horizontal displacements were only restrained by friction due to the pre-
stress of the rods. The supports were fixed before the casting of the UHPFRC layer. The supports
were loosened at the end of the tests and the recovery was measured for series 2 and 3 (hU = 3  and
10 cm).   
FIGURE 18.8: Test set-up of the statically determinate beams (in [cm])
a) b)
FIGURE 18.9: a) Statically determinate beams with load, b) statically indeterminate beams
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(Appendix E). The stability of the temperature during testing was high with a variation of approxi-
mately ± 1 °C. The RH was more difficult to keep constant: The highest variations were observed
for the first test series (hU = 5 cm) during which a RH up to 60% was measured. The air condition-
ing was re-adjusted after the first series and the variations of the RH were smaller in the following:
The RH of the tent with the statically indeterminate beams varied for the test series 2 and 3
(hU = 10 cm and 3 cm) between 25 and 50% and in the tent with the statically determinate beams
between 30 and 40%. The wall of the climatic tents was made of a membrane and variations of the
climatic conditions in the structural hall were not always balanced by the air conditioning in the
tents. Thus, the air condition had to be adjusted for the different seasons. The maintenance of a sta-
ble RH did not work as well as expected.
18.6.2 Measured data
The concrete substrate was equipped with two thermocouples (TClow, TCupp) and an optical
deformation sensor (ODS L), the UHPFRC layer with a thermocouple (TCU) and an optical defor-
mation sensor (ODS U) (Figure 18.12 and Appendix B). The optical deformation sensors were of
type SOFO and measured the mean deformation of the central span of the beam over a length of
200 cm. The thermocouples (type K) recorded the temperature in the beam at 50 cm from one end of
the beams,  
The measurements of the ODS were well adapted to follow the early age behaviour of the com-
posite beams, since one sensor (ODS U) was placed in the UHPFRC and a second one (ODS L) in
the concrete. The ODS can measure the deformations of cementitious materials from a degree of
FIGURE 18.10: Test set-up of the statically indeterminate beams (in [cm])
a) b)
FIGURE 18.11: Supports of the statically indeterminate beams: a) central support, b) support at the ends
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Part IV: Structural Testing on Composite Beamshydration of 0.01 [Glisic00]. However, the measured deformations were not only dependent on the
stiffness of the sensor, but also on parasite factors that can cause restraint, as for example, the fixa-
tion of the ODS on the rebars. The ODS U of the beams with hU = 5 cm and 10 cm were fixed on
transversal rebars. For the beams with reinforcement in the UHPFRC layer, the rebars were also
fixed on these transversal rebars. The reinforcement stiffened the system and in these beams, the
early age deformations of the UHPFRC were entirely measured with the ODS. The ODS U of the
beams with hU = 3 cm were fixed with threads. Here, the system was very elastic, so that the ODS
measurements approached the deformations of the early age UHPFRC. Even if the deformations in
the UHPFRC layer could not be followed exactly during the first day, the measurements indicated
the order of magnitude of the deformations. Shortly after the beginning of the hardening of the
UHPFRC, ODS U started to measure the exact deformations of the beams.
The deflections of the beam, the horizontal displacement of the supports, the horizontal displace-
ments at the end of the beams and the relative displacement between the concrete and the UHPFRC
layer at the ends of the beams were measured with LVDTs (Figures 18.8 and 18.10). Data acquisi-
tion of the LVDTs was performed with an UPM100 (HBM) for the statically determinate beams and
an UPM60 (HBM) for the statically determinate beams. The ambient climatic conditions (T, RH)
were recorded in the tents with HAENNI Opus 1. 
The air permeability of the cover concrete was measured at the end of the long term tests on the
beams with hU = 5 cm with the Torrent test [Torrent92] (Figure 18.13a). The air permeability was
measured on the upper side for the UHPFRC and on the lower side for the concrete. The electrical
resistivity was measured with the Wenner test (Figure 18.13b) giving indirectly information about
the RH in the concrete.  
FIGURE 18.12: Instrumentation of the ODS and the thermocouples (in [cm])
a) b)
FIGURE 18.13: a) Set-up of the Torrent test, b) Wenner test
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18.7.1 Test set-up
After the long term tests, fracture tests were conducted on the beams at an age of the UHPFRC
layer of approximately 90 days. The beams were tested with a set-up that respects the same geome-
try as the statically determinate beams during the long term tests (Figure 18.14). A constant negative
bending moment was introduced into the central span of the beams, so that the UHPFRC layer was
under tension.  
Two hydraulic jacks (capacity: 200 kN) were placed at 30 cm from the ends of the beams, their
lever arm was 1.20 m. The displacement of the jack at the force F2 was controlled by a LVDT meas-
uring the displacement of the jack. Both jacks were connected to the same hydraulic pumps and had
therefore the same pressure (and force). As only one jack was controlled directly with the LVDT, the
displacements under the two jacks were different after the formation of localized macrocracks. The
displacement rate of the jack was fixed to 0.45 hours/mm (26 min./cm).
The beams were loaded until the upper rebars in the concrete substrate (As,upp) yielded and then
unloaded. Two beams (I10RL, I3) were loaded until fracture of the rebars (As,upp and for the beam
I10RL also As,U).
18.7.2 Measured data
LVDTs (f1 to f7) measured the deflections of the beams (Figure 18.14, see also Appendix B) and
the ODS (ODS L, ODS U) the mean deformation of the beams in the central span over a length of
200 cm. Ω-gages were fixed on the upper side and on the sides of beams to follow the crack open-
ings (drawings of the position of the Ω-gages in Appendix D). The force under the hydraulic jacks
was recorded with force sensors (F1, F2).
19 Results
19.1 General behaviour of the composite beams
19.1.1 Statically determinate beams
Typical mid-span deflection curves (f1) of a loaded and a non-loaded statically determinate
beams are shown in Figure 19.1. The time was zeroed at the moment when the deflection reached its
minimum at early age.  
FIGURE 18.14: Test set-up of the fracture tests (in [cm])
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Part IV: Structural Testing on Composite BeamsTwo main phases were distinguished:
I. Early age was a period of approximately 7 to 9 days governed by the hydration reaction. The
hydration reaction was exothermal and water consuming. In the case of UHPFRC, the hydration
reaction provoked heat release and self-desiccation leading to deformations in the UHPFRC and
therefore in the whole beam. There was no clear transition between early age and long term, as
the hydration reaction did not stop suddenly.
II. Long term: When the major part of the hydration reaction was finished, the evolution of the
material properties and of the deformations slowed down. 
After 28 days, some of the statically determinate beams were loaded with lead boxes to simulate
the bending creep behaviour under a constant load with the UHPFRC being under tension
(Figure 19.1b). Three phases were distinguished:
A.First, the beam remained unloaded.
B.The beam was loaded with lead boxes 28 days after the casting the UHPFRC layer.
C.The lead boxes were removed 49 days (7 weeks) later.
The deflection decreased during approximately the first 2 days after the casting of the UHPFRC
layer (until time zero) and increased monotonously afterwards. The loading of the beams decreased
the deflections considerably and reduced the slope of the curve. At unloading, the deflection
increased again, and creep recovery occurred.
Figure 19.2a shows the deformations recorded with the ODS for beam I3. ODS U in the UHP-
FRC layer showed a strong contraction, ODS L in the concrete substrate slight expansion. The
deformations measured with ODS U were more than 5 times higher than those of ODS L
Figure 19.2b shows the curvature κODS of the beams I3 and I3L. The curvature was calculated
with the deformations of the ODS (EQ. 19.1) and represents the mean curvature in the central span
a) b)
FIGURE 19.1: Typical time-deflection (f1) curves: a) of a non-loaded beam (I3), 
b) of a loaded beam (I3L)52
SAMARIS SAM_GE_DE18v01_01of the beams (over a length of 200 cm). The curvature showed the same overall behaviour as the
deflections.
19.1.2 Statically indeterminate beams
A typical time-deflection curve of the statically indeterminate beams is shown in Figure 19.3a.
The long term testing of the statically indeterminate beams was divided into two periods
(Figure 19.3a): 
I. the early age during the first 7 to 9 days after casting the UHPFRC layer,
a) b)
FIGURE 19.2: a) ODS deformations (I3), b) curvature (I3, I3L) of the statically determinate beams
with κODS: curvature [1/m], ODS U, ODS L [m/m] and d: distance between ODS
U and ODS L [m].
(EQ 19.1)
a) b)
FIGURE 19.3: a) Typical time-f1 curve of a statically indeterminate beam (H3), b) deformations of the 
ODS (H3)
κODS ODS U ODS L–d----------------------------------------=53
Part IV: Structural Testing on Composite BeamsII. the long term with two periods:
A.The behaviour of the statically indeterminate beam until an age of the UHPFRC layer of
approximately 80 days.
B.The recovery of the beam after the removal of the external supports and the horizontal fixa-
tion of one of the internal supports, i.e. the beam became statically determinate.
The deflection rate during the long term tests was small when compared to the recovery after the
loosening of the supports indicating that the restraint in the beam due to the statically indeterminate
system worked well.
The deformations measured with the ODS (ODS U, ODS L) had the same overall behaviour as
the deflections (Figure 19.3b). The deformations of the ODS in the UHPFRC layer (ODS U) were
higher than the deformations of the ODS in the concrete substrate (ODS L). Both ODS measured a
decrease in deformation. Only when the beams became statically determinate, the deformations of
ODS L increased and those of ODS U decreased.
19.2 Early age of the concrete substrate
The temperature evolution in the concrete substrate was measured during the first four days after
casting (Figure 19.4). The statically indeterminate beams (H) were cast and stored in the hall at an
ambient temperature between 10 and 18 °C. The temperature in the beams increased to 34 to 38 °C
in the beams due to the heating periods. The statically determinate beams (I) were cast and stored
under a shelter outside the hall at an ambient temperature between 5 and 10 °C. Here, the tempera-
ture in the beams increased to 24 to 28 °C. The concrete cooled down to the ambient temperature
after approximately 2.5 days.The temperature evolution of the concrete substrate at early age can be
consulted in Appendix F. 
The beams were transported to the EPFL 5 days after casting, after having been stored at ambient
temperatures of approximately 10°C for 2 days. The beams were kept in the structural hall at the
EPFL at a temperature of approximately 20 °C (see Figure 18.3). The hydration reaction was ther-
mally activated and reduced at low temperatures. The external heating of the beams accelerated the
hydration reaction at the early age, but, the storage of the beams at the low temperatures slowed
down the hydration reaction, until the beams were stored at 20 °C. As the period when the beams
were subjected to low ambient temperatures was only 1.5 days and the first series of the long term
testing started at an age of the concrete substrate of 5 months, the low temperatures during the two
days should not have significantly influenced the evolution of the concrete properties.
a) b)
FIGURE 19.4: a) Temperature evolution at the early age of the concrete substrate of I5 and H5, 
b) ambient temperature during the early age of the concrete substrate54
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19.3.1 Temperature evolution of the early age of the UHPFRC layer
The temperature evolution due to the hydration reaction of the UHPFRC was measured with
thermocouples (Figure 19.5), placed at three depths in the section (see Figure 18.12). As the thermo-
couple in the UHPFRC layer (TCU) was placed at approximately 2.5 cm from the upper surface, it
did not necessarily record the maximum temperature in the cross-section for the beams. The results
of the measurements are given in Appendix G 
The temperature of the UHPFRC at casting was approximately 25 °C, depending on the test
series and the ambient temperature during casting (see Section 6.2.2). Then the UHPFRC cooled
down to the ambient temperature. After approximately one day, the temperature increased until it
reached its maximum after 1.5 days. A temperature decrease followed down to the ambient temper-
ature.
The temperature gradient in the composite beam led to deflections.The magnitude of the gradi-
ent was dependent on the thickness of the composite element and of the relation between the depths
of the concrete substrate and the UHPFRC layer. The highest gradient was observed for hU = 10 cm,
a) b)
c)
FIGURE 19.5: Temperature evolution at the early age of the UHPFRC layer: a) hU = 3 cm, 
b) hU = 5 cm, c) hU = 10 cm55
Part IV: Structural Testing on Composite Beamsi.e. the elements with the biggest UHPFRC section and therefore the highest temperature rise during
hydration. 
19.3.2 Deformations at the early age of the composite beams
Statically determinate beams. At early age, the high rate of the hydration reaction led to tempera-
ture and RH changes inducing deformations in the composite elements. Figure 19.6a shows the
deflections of beam I5 at early age. The time was zeroed when the beam was cast. The deflections of
the beam increased instantly during casting when the dead weight of the UHPFRC was added to the
beam. The increase of deformations continued until approximately one day after casting. Then, the
deformations decreased. A small increase was observed with its peak after approximately 1.5 days.
Afterwards, the deformations decreased continuously. The mid-span deflection f1 and the cantilever
deflections f2 and f3 had the same appearance.  
Part of the early age deflections was explained by the temperature evolution in the beams (see
Section 19.3.1). Deflection f1 decreased during casting, i.e. the beam went up in the middle. Imme-
diately after casting, a small increase of the deflection occurred having its maximum when TClow
was at its maximum. The cooling of the beam down to the ambient temperature during the first day
induced a decrease in deflection. Deflection f1 increased only slightly during the temperature rise of
the beam (at approximately 1 day). A maximum occurred just before the maximum temperature was
reached. Finally, the deflection increased during the temperature decrease.
The temperature differences were shown in Figure 19.5 for the different thicknesses of the UHP-
FRC layer (see also Appendix G). The curves were zeroed when the UHPFRC layer was cast. The
temperature of the UHPFRC increased during mixing. The dormant period was 1 day. During this
period, the temperature of the UHPFRC cooled nearly down to the surrounding temperature (Tamb). 
The dormant period was influenced by the thickness of the UHPFRC layer and was 1.1 days
(26.5 hours) for the beams with hU = 3 cm, 1 day (24 hours) for the beams with hU = 5 cm and 0.85
days (20 hours) for the beams with hU = 10 cm. The long dormant period was due to the high
amount of superplasticizer in the UHPFRC and has to be considered during construction, since the
material stays soft during more than 24 hours.
The maximum temperature (measured with TCU) was 22.3 °C at 1.8 days (43.5 hours) for the
beams with hU = 3 cm, 25.1 °C at 1.6 days (38.5 hours) for the beams with hU = 5 cm and 30.8 °C at
1.4 days (33.5 hours) for the beams with hU = 10 cm. The temperature of the concrete substrate also
increased during the hydration reaction of the UHPFRC layer. The maximum temperature (meas-
a) b)
FIGURE 19.6: Early age deformations: a) deflections (I5), b) deflection f1-temperature (I5)56
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and 26.5 °C for the beams with hU = 10 cm. The temperature difference between the thermocouples
TClow and TCU was 0.8 °C for the beams with hU = 3 cm, 2 °C for the beams with hU = 5 cm and
5 °C for the beams with hU = 10 cm. The maximum temperature occurred first in the UHPFRC
layer, approximately 3 hours later at TCupp and another 2 hours later at TClow.
Figure 19.7a shows the deformations of the ODS for the beam I5 with the time zeroed at the cast-
ing of the UHPFRC. The deformations measured with ODS U were higher than those of ODS L.
During the first 3 days, the deformations of ODS L were significantly influenced by the temperature
changes in the beam. A period of contraction (during 0.2 days) was followed by an increase of
deformation until approximately 1.7 days. After approximately 1 day, a small intermediate maxi-
mum occurred. After having reached the overall maximum after 1.7 days, the deformations
decreased monotonously.  
The evolution of ODS U for the different thicknesses of the UHPFRC layer hU is shown in
Figure 19.7b (time zeroed on the maximum value of ODS U during the heat of hydration). The
smallest deformations were measured for the beams with hU = 3 cm, the highest for the beams with
hU = 10 cm. The period between the minimum of the deformation shortly after casting and the max-
imum at time zero was the shortest for hU = 10 cm and the longest for hU = 3 cm. The deformations
followed approximately the temperature evolution at early age (see Section 19.3.1).
The time span between maximum and minimum deformations was approximately 0.3 days
(Figure 19.7b, about 1.5 days after casting cf. Figure 19.7a). It may be interpreted as the setting
point of the UHPFRC. At the maximum, the autogenous shrinkage due to the water consumption
during hydration became important and was superimposed to the thermal deformations. At this
moment, the hydration reaction was strong and the material hardened. 
Statically indeterminate beams. The early age deflections of the statically indeterminate beams are
shown in Figure 19.8a. At casting, the dead weight of the UHPFRC layer was applied and the
deflections increased instantly. The mid-span deflection f1 increased afterwards and rose to a maxi-
mum after approximately 1.5 days. The increase of deformation corresponds to a lowering of the
mid-span deflection f1. The deflections f2 and f3 in the end spans were exactly opposite to the cen-
tral span deflection f1, but showed the same overall behaviour as f1.  
By comparing the deflection f1 with the temperature changes, the same overall behaviour was
observed (Figure 19.8b). The only difference occurred at 1.2 days when the deflection described a
small hook with a maximum and a minimum, while the temperature increased monotonously. This
hook is attributed to the superposition of the thermal deformations and the autogenous shrinkage
a) b)
FIGURE 19.7: Early age deformations; a) ODS (I5), b) setting point of the beams57
Part IV: Structural Testing on Composite Beamsthat became important shortly after the hydration reaction started off strongly after the dormant
period.
The measurements of the ODS showed similar behaviour for both ODS (Figure 19.9a) at early
age. The decrease in deformation of ODS U until approximately 0.2 days was high and did not
reflect accurately the deformation of the UHPFRC layer, since the UHPFRC was still too soft. After
approximately 0.2 days, the orders of magnitude of the deformations of ODS U and ODS L were
similar, and both ODS measured precisely the deformations.  
The deformations were lower in the UHPFRC layer (ODS U) than in the concrete substrate
before the maximum temperature was reached (Figure 19.9b, time zero: when the maximum defor-
mation due to the heat of hydration occurred). After the maximum deformations (at time zero), the
deformation rate of the UHPFRC became higher than of the concrete substrate.
The influence of the superposition of the deformations of autogenous shrinkage and temperature
evolution was also observed with ODS U at approximately 0.8 to 0.5 days before the maximum
deformation due to the heat of hydration was reached. The end of the hook may be interpreted as the
setting point of the UHPFRC, since from this moment on, the deformations of the ODS had similar
appearance, indicating monolithic behaviour of the composite beam.
a) b)
FIGURE 19.8: Early age deformations: a) deflections (H10), b) deflection f1-temperature (H5)
a) b)
FIGURE 19.9: Early age deformations: a) ODS (H10), b) setting point (H10)58
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The results for all beams during the long-term tests are given in Appendices H to N.
19.4.1 Statically determinate beams
Horizontal deformations. The horizontal deformations of the beams were followed with the ODS
and the LVDTs at the end of the beams (HS, HN) and at the pin supports (AM). The horizontal
deformations HS and HN did not give clear results. The LVDTs were sometimes touched during the
tests, leading to distorted results. Furthermore, the deflections of the beams led to inclined ends of
the beams and to relative vertical and horizontal displacements between the LVDT and the measur-
ing point on the beam. Therefore, the results of the LVDTs HS and HN were not exploited further.
Figure 19.10 shows the horizontal deformations at the pin support. The displacements at the pin
supports decreased monotonously during the tests. At 75 days, values of -0.42 mm for I3, -0.58 mm
for I5 and -0.8 mm for I10 were reached (Figure 19.10a). The displacements were higher for higher
thicknesses of the UHPFRC layer. Reinforcement in the UHPFRC layer decreased the displace-
ments of the supports (Figure 19.10b). The effect of the reinforcement on the displacements was
more pronounced for the beams with hU = 10 cm than for those with hU = 5 cm.  
The axial deformations of the central span of the beams were also measured with the ODS. The
elongation is calculated with EQ. 19.2 and represents the mean axial deformation in the central span. 
The elongation of the beams was negative, i.e. the beams contracted during testing
(Figure 19.11). The higher the thickness of the beams, the stronger was the contraction of the beams:
At 75 days, the deformation was -120 µm/m for I3, -170 µm/m for I5 and -200 µm/m for I10. The
beams with reinforcement in the UHPFRC layer (I5R, I10R) showed lower elongations than the
beams without As,U (I5, I10). No significant effect of the loading on the horizontal deformations
was observed (Figure 19.11).  
a) b)
FIGURE 19.10: Horizontal displacements of the supports (statically determinate beams): a) I3, I5, I10, 
b) I5, I5R, I10, I10R
with εODS: elongation [µm/m], ODS U, ODS L [µm/m].
(EQ 19.2)εODS ODS U ODS L+2----------------------------------------=59
Part IV: Structural Testing on Composite BeamsInfluence of the reinforcement. The influence of the reinforcement As,U on the deformations of the
beams during the long term tests is shown in Figure 19.12. The deformations of the beams with As,U
(I5R, I10R) were smaller than those for beams without As,U (I5, I10), but both beams had the same
overall behaviour. The difference in deformations was small for hU = 5 cm (Figure 19.12a). Here, no
difference in deformation occurred in the lower part of the concrete section (ODS L) and the defor-
mations in the UHPFRC layer (ODS U) were barely higher for the beams without As,U.  
The decrease of deformation due to As,U was higher for the beams with hU = 10 cm
(Figure 19.12b). The difference in deformation was pronounced for ODS U, but was also measured
with ODS L. 
The same tendency was observed on the deflections at mid-span (f1) and at the cantilevers (f2)
(Figure 19.13a) as well as on the curvature of the beams (Figure 19.13b). The influence of reinforce-
ment was higher for the beams with hU = 10 cm (I10, I10R) than for hU = 5 cm (I5, I5R). At the end
of the long term tests, the curvature of the beam without As,U (I10R) was approximately 20% higher
than for the beam with As,U (I10).  
The presence of As,U reduced the deformations. The differences were small for the beams with
hU = 5 cm and significantly higher for hU = 10 cm. The reinforcement layers As,U and As,upp were
a) b)
FIGURE 19.11: Elongation (ODS) of the statically determinate beams: a) without loading, b) with loading
a) b)
FIGURE 19.12: Influence of the reinforcement-ODS deformations: a) hU = 5cm, b) hU = 10 cm60
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influence on the UHPFRC layer. The additional layer As,U did not increase the restraint of the UHP-
FRC layer considerably, and the difference in deformations was small. The reinforcement As,U had a
strong influence on the beams with hU = 10 cm. The space between the reinforcement layers As,U
and As,upp was higher (distance: 8.5 cm). As,U was situated near the upper surface of the UHPFRC
layer and worked as restraint on the UHPFRC layer and the deformations of the UHPFRC layer
were partially restrained from the two sides. 
The diagrams of the influence of reinforcement in the UHPFRC layer during the long-term tests
are given in Appendix K.
Influence of the thickness of the UHPFRC layer. Three different thicknesses of the UHPFRC
layer were tested during the long term test (hU = 3, 5 and 10 cm). The highest mid-span deflections
were observed for the beams with hU = 10 cm and the lowest for hU = 3 cm (Figure 19.14a). The
overall behaviour of the beams was identical for all thicknesses.  
a) b)
FIGURE 19.13: Influence of the reinforcement: a) hU = 10 cm-deflection, b) curvature
a) b)
FIGURE 19.14: Influence of the thickness of the UHPFRC layer (statically determinate beams 
without As,U): a) deflection f1, b) ODS deformations61
Part IV: Structural Testing on Composite BeamsThe measurements of the ODS show that the differences of deformations occurred mainly in the
UHPFRC layer (Figure 19.14b). The deformations of the ODS, placed in the concrete substrate
(ODS L), were identical, whereas differences were observed in the UHPFRC (ODS U): the defor-
mations of ODS U were nearly two times higher for the beams with hU = 10 cm (I10) than for the
beams with hU = 3 cm (I3).
Curvature and elongation, calculated from the ODS, also confirm that the deformations of the
thicker beams were higher than of the thinner beams (Figure 19.15). The curvature of the beams
with hU = 10 cm (I10) was nearly 1.5 times higher than of the beams with hU = 5 cm (I5) and nearly
2 times than for the beams with hU = 3 cm (I3). The overall contraction of the beams was two times
higher for I10 than for I3.  
Beams with reinforcement in the UHPFRC layer (As,U) were made only for hU = 5 and 10 cm.
Curvature and elongation of the beams with As,U and hU = 10 cm (I10R) were higher than for the
beams with hU = 5 cm (I5R) (Figure 19.16a and b), however, the difference was smaller than for the
beams without As,U (I5, I10).  
a) b)
FIGURE 19.15: Influence of the thickness of the UHPFRC layer (statically determinate beams 
without As,U): a) curvature, b) elongation
a) b)
FIGURE 19.16: Influence of the thickness of the UHPFRC layer (statically determinate beams with As,U): 
a) curvature, b) elongation62
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the thickness of the UHPFRC layer, the higher were the deformations. The major part of the defor-
mations occurred in the UHPFRC layer (Figure 19.14b). The thicker the UHPFRC layer, the more
important was its influence on the composite beams. The deformations of the UHPFRC due to inter-
nal thermal and hygral changes exerted higher influence on the concrete substrate. 
Reinforcement in the UHPFRC layer (As,U) decreased the difference of deformation for different
thicknesses. The reinforcement imposed additional restraint of the UHPFRC deformations which
was higher for thicker UHPFRC layers.
The influence of the thickness is illustrated with diagrams in Appendix L.
Flexural creep. Flexural creep behaviour was investigated during the long term tests. Half of the
statically determinate beams were loaded with lead boxes 28 days after the casting of the UHPFRC
layer and remained loaded for 49 days (Figure 18.8). There was always a loaded and a non-loaded
beam of the same configuration. The non-loaded beams were only deformed by RH-changes and by
consequences of the progressive hydration. The loaded beams were additionally deformed by an
elastic and a creep contribution. The creep deformations were obtained by comparing the non-
loaded and the loaded beams (EQ. 19.3 and Figure 19.17).   
The load level was fixed in relation to the theoretical additional tensile stresses in the upper fibre
of the UHPFRC layer. The additional tensile stresses due to loading were 4.5 MPa for the beams I5
and I5R and 6.0 MPa for the beams I3, I10 and I10R. The stress distribution due to loading was
superimposed to the stress state in the beam due to internal thermal and hygral changes that had
already provoked tensile stresses in the composite beam prior to the loading.
Creep deformations. Figure 19.18a shows the creep deflections in the central span (f1) and near the
ends of the beams (f2, f3). The creep curves were calculated by subtracting the deformations of the
with εcc(t,t0): creep deformation, εci(t0): elastic deformation due to the load,εc(t,t0): total deformation, measured on beam that was loaded at time t1,εcs(t): shrinkage deformation of the non-loaded beam.
(EQ 19.3)
FIGURE 19.17: Definition of the creep deflections (after [Bernard00])
εcc t t0,( ) εci t0( )+ εc t t0,( ) εcs t( )–=63
Part IV: Structural Testing on Composite Beamsunloaded beam from the loaded beam of the same configuration. This method contains uncertain-
ties: The deformations before loading of two identical beams were not exactly the same, therefore,
the difference of the deformations of the two beams did not give the exact creep deformation. The
time was zeroed when the load was applied. The elastic deformation due to the load was 3.2 mm for
f2 and f3 and -1.1 mm for f1. The deflections increased monotonously until the end of the loading
after 49 days. The unloading of the beams was characterized by the reversal of the elastic deforma-
tion and the creep recovery. The residual deflections expressed the non-elastic part of the deforma-
tion.  
The creep deformations were also observed with the curvature (Figure 19.18b): The curvature
decreased due to the loading, since the already deformed beams were straightened under loading.
The creep deformations of beams I5 and I5R were the lowest, followed by I10 and I10R. The creep
curvature decreased most for beam I3. The load level of I5 and I5R was the lowest explaining the
lowest curvature decrease. The stiffness of beams I10 and I10R was higher than for I3 which had the
highest decrease in creep curvature.
Creep compliance. The creep compliance J(t,t0) of the beam was calculated for the deflections. The
creep compliance describes the creep strain per unit stress, independent on load and stiffness (EI).
So, the different beam configurations could be compared on the basis of the creep compliance. The
definition of the creep compliance is given in EQ. 19.4:
The elastic deflections were calculated for linear elastic material behaviour (EQ. 19.5, EQ. 19.6).  
a) b)
FIGURE 19.18: a) Creep deflections f1, f2, f3 of I3, b) comparison of the curvature κODS of the beams
with εcc(t,t0): creep deformation [µm/m], εci(t,t0): elastic deformation due to the
load [µm/m], Ecc(t,t0): creep modulus [MPa], Ec(t): elastic modulus [MPa],σ: stress [MPa], J(t,t0): creep compliance function [µm/m/MPa].
(EQ 19.4)
(EQ 19.5)
εcc t t0,( ) εci t t0,( )+ 1Eci t1( )
--------------- 1
Ecc t t0,( )
---------------------+⎝ ⎠⎛ ⎞ σ⋅ J t t0,( ) σ⋅= =
for f1: f1ci 0.648 10
6 F
EcI
-------⋅ ⋅–=64
SAMARIS SAM_GE_DE18v01_01The creep compliance was deduced from the elastic deformations (EQ. 19.7, EQ. 19.8)
As the elastic moduli of the UHPFRC and the concrete were different, the stiffness of the element
had to be calculated for the whole section ((EI)total), considering the difference between the moduli.
The creep function was obtained by a division by the mean elastic modulus Emean which was calcu-
lated considering the proportions of the UHPFRC and the concrete section.
Figure 19.19a shows the mean value of the creep compliances for deflections f2 and f3 for each
configuration. The compliance of all the beams was of the same magnitude. The lowest creep com-
pliance was found for I3, which had the lowest initial value as well as the lowest slope. The beams
with hU = 5 and 10 cm had approximately the same initial values and the same slope. Figure 19.19b
shows the creep compliance for the central span deflection f1. The creep compliances of I3, I10 and
I10R were lower than those of I5, I5R. The curve of I3 had the lowest slope, which may be
explained with the age of the UHPFRC (at an UHPFRC age of 28 to 77 days). During this period,
the material properties of the UHPFRC still changed. The compression creep tests (Chapter 13)
showed that the creep deformations of the UHPFRC increased strongly until an age of 90 days and
were higher than those of the concrete during this period. Therefore, the creep deformations of the
UHPFRC were dominant for the beam deformations. Since the beams with hU = 3 cm had the thin-
nest UHPFRC layer, the influence of the UHPFRC on the beam was remote and the creep deforma-
tions were the lowest. The creep compliances for deflections f1, f2, f3 for each beam configuration
can be found in Appendix M (Figures M.1 to M.5). 
By comparing Figure 19.19a and b, it can be stated that the creep compliance for I5 and I5R were
identical (cf. Appendix M, Figures M.2 and M.3). The creep compliances of I3, I10 and I10R were
higher for the deflections at the end of the beams (f2, f3) than in the middle of the beams. This indi-
cates that the central span deflection was smaller than its calculated deflection calculated with the
theory of elasticity. As the loads were applied at the ends of the beams, the lower central span
deflection may indicate damage in the UHPFRC layer near the supports. I3, I10 and I10R had a
higher load level than I5 and I5R. However, no significant influence of the load level on the kinetics
of the creep compliances was observed.
The creep compliance of I5R was higher than for I5; that of I10R lower than for I10. This may be
due to the uncertainties which were induced by subtracting the deformations of the unloaded beam
from the loaded beam.
with f1, f2, f3: deflections [mm], F: creep load [kN], Ec: elastic modulus [MPa],
I: moment of inertia [mm4], J(t,t0): creep compliance [µm/m/MPa].
(EQ 19.6)
(EQ 19.7)
with J(t,t0): creep compliance [µm/m/MPa], Emean: average elastic modulus of the
beam section, (EI)total: stiffness of the beam section, F: creep load [kN],
f1, f2, f3cc(t,t0): creep deflections [mm], f1, f2, f3ci(t,t0): elastic deflections
[mm].
(EQ 19.8)
for f2, and f3: f2, f3ci 1.674 10
6 F
EcI
-------⋅ ⋅=
for f1: J t t0,( ) 1Emean
-------------–
EcI( )total
0.648 F⋅--------------------- 10
6– f1cc t t0,( ) f1ci t t0,( )+( )⋅ ⋅ ⋅=
for f2 and f3: J t t0,( ) 1Emean
-------------
E I⋅( )total
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Part IV: Structural Testing on Composite BeamsThe creep compliance curves are convex in a logarithmic time scale (Figure 19.19), i.e. the creep
deformations did not stabilize during the testing period, but increased continuously. This curvature
of the compliances may be attributed to microcracking in the tension chord, i.e. in the UHPFRC
layer. As the creep tests had only been conducted for 49 days, no statements can be made about a
possible and probable stabilizing of the creep deformations. 
The creep deformations are given in Appendix M.
Creep recovery. The creep recovery was measured for time spans between 1.8 and 6 days. The
unloading of the beams was treated as negative loading [Bernard00] and recovery compliances
J(t,t1) were calculated the same way as the creep compliances.
Figures 19.20 shows the creep and the recovery compliances for beams I3 and I5R which were
representative for the two load levels. The recovery compliances were lower than the creep compli-
ances. The elastic deformations during unloading were smaller than during loading. This may be
attributed to a higher stiffness of the beams at the end of the creep tests. The mechanical properties
of the UHPFRC still evolved during the period of the creep tests (28 to 77 days).  
a) b)
FIGURE 19.19: Creep compliance: a) mean value of deflections f2 and f3, b) deflection f1
a) b)
FIGURE 19.20: Recovery compliance: a) mean value of deflections f2 and f3, b) deflection f166
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nificantly higher for beams I3, I10 and I10R. The higher load level for beams I3, I10 and I10R prob-
ably induced microcracking into the beams and residual deformations remained after unloading.
The recovery compliances were measured over a short time span. Thus, it was impossible to pre-
dict the recovery and to draw significant conclusions from the recovery compliance. The recovery
compliances and the comparison between creep and recovery compliances are given in Appendix M
(Figures M.6 to M.15).
Crack pattern. The cracks visible with the naked eye that occurred during the long term tests on the
upper side of the beams were traced on the beams (see also Appendix N). The observations gave the
following results:
 •  Cracks formed mainly during the first 14 days after casting. After approximately 28 days,
nearly no more cracks formed. Most of the beams had very few cracks after the long term
tests. The most sensible period to cracking was the early age of the UHPFRC layer.
 •  The cracks were mainly orientated perpendicular to the axis of the beams. However, cracks in
axial direction were also observed on some of the beams. The axial cracks were shrinkage
cracks due to the restraint in transversal direction; the perpendicular cracks were governed by
the stress state in axial direction. As the length of the beams was much higher than their
width, the degree of restraint was much higher in axial than in transversal direction. The axial
cracks indicate that the casting procedure influenced the fibre orientation. More steel fibres
were orientated in axial direction. Therefore, cracks in axial direction occurred even when the
stresses perpendicular to the axis were lower than in axial direction.
 •  Zones with more cracks were found on two of the beams with hU = 5 cm. These crack zones
were probably in relation with the casting procedure and the workability of the UHPFRC,
since these zone did not correspond to the zones in which the highest stresses occurred.
 •  All the observed cracks were surface cracks. The upper surface of the beams was character-
ized with pores that were created by the air that had risen to the surface when the material was
still soft. These air bulbs are typical for self-compacting concrete. Furthermore, the upper sur-
face was subjected to drying after 6 days when the plastic foils were removed. So, the tensile
resistance of the surface of the UHPFRC was probably lower than the measured tensile
strength. As the highest tensile stresses occurred at the upper side of the elements, surface
cracking occurred.
 •  No new cracks formed due to the loading of the beams after 28 days. The applied loading for
the flexural creep tests was not high enough for the formation of visible cracks in the UHP-
FRC.
 •  No significant influence of the reinforcement on the cracking was observed. The additional
restraint due to the reinforcement did not provoke stresses in the UHPFRC that were higher
than the first cracking strength of the material.
19.4.2 Statically indeterminate beams
Horizontal deformations. The deformations of the statically indeterminate beams were recorded
with LVDTs and ODS. The horizontal deformations of the LVDTs, placed at the end of the beams,
were not exact, since the measured values were a superposition of pure horizontal deformations and
the deflections of the beams. As the LVDTs HS and HN were placed at 2 cm from the lower side of
the beams, the horizontal displacements of HS and HN were underestimated. The LVDTs IS, IN
were placed at 2 cm from the upper side of the beams. Here, the displacements were overestimated.
Furthermore, debonding was not considered. The LVDTs at the supports (AS, AN) measured the
horizontal deformations at the lower side of the supports.
Figure 19.21a shows the horizontal displacements at the end of the beams and at the supports for
beam H3. The displacements of the supports AS and AN decreased during the test to a value of -
0.08 mm at the end of the tests. Their overall behaviour was the same as for AS and AN. However,67
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decrease of the deformations indicated a contraction of the beam during the tests.  
Figure 19.21b shows the deformations of the central span and the whole beam for H3. The values
were calculated from the measurements of the LVDT. The deformations of the central span were the
sum of AS and AN, indicating the horizontal displacement between the supports at the lower side of
the beams. The total deformation of the beam was calculated by EQ. 19.9 with the values of HS,
HN, IS and IN as well as the LVDTs placed to measure debonding (ISdir, INdir).
After 75 days, the deformation in the central span was -0.15 mm (63 µm/m), the deformation of
the total beam -0.35 mm (65 µm/m), nearly the same as the value for the central span.
Figure 19.22 illustrates the influence of the different thicknesses of the UHPFRC layer and of
reinforcement in the UHPFRC layer (As,U) on the horizontal deformations. Figure 19.22a shows the
deformations of the central span of the beams measured with the LVDTs AS and AN; Figure 19.22b
the elongation measured with the ODS. The reinforcement only had an influence for the beams with
hU = 10 cm: the beams with As,U contracted slightly less. The thickness had a strong influence on
the horizontal deformations. The displacements of the supports after 75 days were -0.17, -0.3 and -
0.47 mm for hU = 3, 5 and 10 cm respectively (Figure 19.22a). The elongations (in mm), measured
with the ODS (Figure 19.22b), were slightly lower than the deformations at the supports. However,
the measuring length of the ODS (200 cm) was lower than the distance between the central supports
(240 cm).  
The beams contracted due to the shrinkage of the UHPFRC layer. Reinforcement in the UHP-
FRC layer (As,U) did not significantly influence the horizontal deformations. The thickness of the
UHPFRC layer (hU) influenced strongly the horizontal deformations. The thicker the UHPFRC
layer, the higher were the horizontal deformations.
The horizontal deformations showed that the horizontal restraint of the central span of the stati-
cally indeterminate beams was weak. The central span with a length of 240 cm was 2.25 times
shorter than the total length (540 cm); the deformations of the total beam were 2.33 times higher
than those of the central span. The ratio of the deformations was slightly higher than the ratio of the
lengths. It can be concluded that the horizontal deformations of the beam were nearly constant over
a) b)
FIGURE 19.21: Horizontal displacement - H5R: a) AS, AN, HS, HN, b) central and total span
(EQ 19.9)total beam HS IS ISdir–( )+ 2-----------------------------------------
HN IN INdir–( )+
2
--------------------------------------------+=68
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additional restraint of the static system was nearly completely due to the vertical restraint.
Influence of the reinforcement. The influence of the reinforcement on the deflections of the stati-
cally indeterminate beams is shown in Figure 19.23 for hU = 5 and 10 cm (H5R, H10R). The end
span deflections f3 were smaller for the beams with reinforcement in the UHPFRC layer (As,U). The
mid-span deflection of the beam with a hU = 5 cm and As,U (H5R) was smaller than for the beam
without As,U (H5). However, the mid-span deflections of the beams with hU = 10 cm were higher
for the beam without reinforcement in the UHPFRC layer (H10).  
The measurements of the ODS are shown in Figure 19.24. The deformations of the ODS in the
concrete substrate were identical for the beams with and without As,U. The measurements of the
ODS in the UHPFRC layer (ODS U) showed an influence of the reinforcement. The deformations of
ODS U were higher for the beams without As,U for hU = 5 cm, while the deformations of ODS U
were lower for the beams without As,U for hU = 10 cm.  
The difference of the measurements between the beams with hU = 5 cm and with hU = 10 cm
may be explained with different degrees of damage in form of microcracking of the UHPFRC layer:
a) b)
FIGURE 19.22: a) Horizontal displacements AS+AN, b) elongation (ODS) of the statically indeterminate 
beams
a) b)
FIGURE 19.23: Influence of the reinforcement - mid-span deflections: a) hU = 5 cm, b) hU = 10 cm69
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compared to ∅10 mm for hU = 5 cm, H5R). Furthermore, the tensile stresses in the UHPFRC layer
were probably higher for the beams with hU = 10 cm, since the temperature elevation was higher at
early age and the deformations were more restrained due to the difference in the reinforcement As,U.
The interaction between rebars and UHPFRC caused probably damage in form of microcracking in
beam H10R. This damage led to higher deformations in H10R when compared to H10. Less micro-
cracks had probably formed in beam H5R than in H10R. The reinforcement of the UHPFRC layer
increased the stiffness, and its deformations were lower than those of beam H5.
The influence of the reinforcement is also given in Appendix K.
Influence of the thickness of the UHPFRC layer. The influence of the thickness was observed
with the deformations ODS U (Figure 19.25a): The deformations of the beams with hU = 10 cm
(H10) were more than two times higher than for the beams with hU = 3 cm (H3). The influence of
the thickness of the UHPFRC was most important for the axial deformations of the beams. The mid-
span elongation, measured with the ODS, were the highest for hU = 10 cm and the lowest with
hU = 3 cm. The impact of the thickness was here even bigger than for ODS U.  
a) b)
FIGURE 19.24: Influence of the reinforcement: ODS deformations: a) hU = 5 cm, b) hU = 10 cm
a) b)
FIGURE 19.25: Influence of the thickness of the UHPFRC layer (statically indeterminate beams without 
As,U): a) deformation ODS U, b) elongation70
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tion f1 and the curvature (Figure 19.26a and b). The curvature of the beams was nearly identical for
the three different thicknesses until an age of 20 days. Afterwards, the curvature for the beams with
hU = 10 cm remained constant, whereas the curvatures for hU = 3 and 5 cm continued to increase
beyond an age of approximately 30 days. The highest increase was observed for hU = 5 cm and
reflected the gradual increase of deformation of ODS U (Figure 19.25b).  
The influence of the thickness of the UHPFRC layer was mainly observed for the horizontal
deformations. No significant influence of the thickness occurred on the deflections. Theses differ-
ences may be explained by the restraint. It was aimed to restrain horizontal and vertical deforma-
tions with the supports of the beams (cf. Figure 18.10 on page 49). The vertical restraint worked
well, therefore, no significant differences were observed in the deflections. The horizontal restrain,
however, did not work well and horizontal deformations occurred, depending on the thickness of the
UHPFRC layer. The force, induced by the restraint, depended on the section of the UHPFRC layers
and horizontal restraint may be seen as a system with a resort. The thicker the UHPFRC layer, the
higher was the force and the higher the axial deformations.
The diagrams of the influence of the thickness of the UHPFRC layer can be consulted in
Appendix L.
Crack pattern.  The observations of the visible cracks during the long term tests result in following
statements (see also Appendix N):
 •  Cracks formed mainly during 14 days after casting. After approximately 28 days, nearly no
more new cracks occurred.
 •  The cracks were mainly orientated perpendicular to the axis of the beams At the end of the
long term tests, the space between the cracks was 10 to 20 cm. The cracks, perpendicular to
the axis, did not go over the whole width of the beam. They were mainly situated in the cen-
tral 15 cm of the width of the beams.
 •  The observed cracks were surface cracks, except for two cracks of beam H3. Here, two per-
pendicular cracks went from one side to the other side and penetrated deeper into the UHP-
FRC layer.
 •  The beams with reinforcement in the UHPFRC layer As,U (H5R, H10R) showed more cracks
than the beams without As,U (H5, H10). The additional restraint was high enough to build up
stresses that led to visible cracks.
a) b)
FIGURE 19.26: Influence of the thickness of the UHPFRC layer (statically indeterminate beams without 
As,U): a) curvature, b) deflection f171
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Deflections. The difference between the statically determinate and indeterminate beams were
observed by the deflections (Figure 19.27). The mid-span deflections f1 of the statically determinate
beams were more than 10 times higher than of the statically indeterminate beams. Moreover, the
deflections f1 had positive values for the statically determinate beams and negative values for the
statically indeterminate beams, i.e. the mid-span of the statically determinate beams lowered,
whereas it rose for the statically indeterminate beams (Figure 19.28). The supports of the statically
indeterminate beams were removed after approximately 77 days, leading to an increase in the mid-
span deflection, i.e. to a lowering at the mid-span. Without vertical restraint at the supports, the
former statically indeterminate beams curled the same way as the statically determinate beams.
However, the recovery of the deflections after the removal of the beams did not reach the deflections
of the statically determinate beams.   
Measurements of the ODS. The deformations of the ODS L in the concrete substrate increased for
the statically indeterminate beams and decreased for the statically determinate beams
(Figure 19.29a). The thickness of the UHPFRC layer influenced significantly the deformations of
ODS L for the statically determinate beams, while the difference of ODS L of the statically indeter-
minate beams was smaller. All ODS U, placed in the UHPFRC layer, measured a decrease in defor-
mation (Figure 19.29b). The deformations were approximately 2.5 times higher for the statically
determinate beams than for the statically indeterminate beams. The measurements of both ODS
a) b)
FIGURE 19.27: Influence of the static system a) hU = 3 cm, b) hU = 10 cm
FIGURE 19.28: Deformations of the beams during the long term tests: a) statically determinate 
beams, b) statically indeterminate beams (deflections were not scaled in the figure)72
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removal of the supports than those of the statically determinate beams. The deformations did not
recover fully and indicate inelastic deformations during the long term tests.  
The curvature, calculated on the basis of the measurements of the ODS, increased monotonously
for all beams (Figure 19.30a), being significantly higher for the statically determinate beams. The
curvature of the statically determinate beams increased monotonously until the end of the long term
tests. The curvature of the statically indeterminate beams increased until approximately 10 days and
then remained virtually constant.  
The elongation or axial deformation, calculated from the measurements of the ODS, was also
higher for the statically determinate beams (Figure 19.30b). However, the horizontal deformations
were more sensible to the thickness of the UHPFRC layer than to the change of the static system.
Crack pattern. More visible cracks were found on the statically indeterminate beams after the long
term tests. The cracks of the statically determinate beams were mainly due to the casting procedure
and the workability of the material, while the cracks on the statically indeterminate beams were
more orientated indicating that higher stresses were induced because of the higher degree of
a) b)
FIGURE 19.29: Influence of the static system a) ODS L, b) ODS U
a) b)
FIGURE 19.30: Influence of the static system a) curvature, b) elongation73
Part IV: Structural Testing on Composite Beamsrestraint. For the beam H3, the bending cracks penetrated more profoundly into the material and
caused damage to the UHPFRC layer.
19.4.4 Cracking in the interface zone
The measurements of interface cracks were performed with the LVDTs IS and IN, placed at the
interface on the ends of the beams to measure the relative displacement between UHPFRC and con-
crete layer (see Figure 18.8). LVDT IS measured on the side of the beam, where the 10 cm had not
been hydrojetted, LVDT IN on the side that was hydrojetted to the end. This system was used for the
statically determinate beams and for the statically indeterminate beams with hU = 3 cm. As the
LVDTs measured the relative displacement between the old and the new layer on the sides of the
beams, the LVDTs were only fixed on the beams after the removal of the formwork several days
after the casting of the UHPFRC layer. Therefore, no conclusions can be drawn about early age
interface cracking.
Figure 19.31 shows the measurements of the LVDTs IS and IN for the beams with hU = 3 cm.
The displacements of the LVDTs IS were higher than those of the LVDTs IN. The relative displace-
ment between the layers was approximately 0.03 mm after 80 days, with the exception of I3 IS,
where the final displacement was 0.04 m. No significant difference was observed between the stati-
cally determinate (Figure 19.31a) and indeterminate (Figure 19.31b) beams. LVDT I3 IS increased
suddenly at a time of approximately 5 days, and LVDT H3 IS after approximately 60 days, indicat-
ing sudden crack growth at the interface. The displacement H3 IN increased until approximately 15
days and became smaller afterwards. The damage at the interface seems to reach a constant level
after 15 days and no further interface damage was induced during the testing.  
The relative displacements at the interface for the beams with hU = 5 cm reached a maximum
value of 0.03 mm for the LVDTs IS and 0.015 mm for the LVDTs IN (Figure 19.32a and b). The dis-
placements of the LVDTs IS were higher than of IN. The displacements of LVDTs IS were higher
for the beams with reinforcement in the UHPFRC layer (As,U) than for the beams without As,U. This
tendency was not confirmed by the measurements of the LVDTs IN where one beam with As,U and
one without As,U had higher displacements at the interface than the other two.  
The debonding measurements of the beams with hU = 10 cm were also higher for the LVDTs IS
than for the LVDTs IN (Figure 19.33). The beams with reinforcement in the UHPFRC layer (As,U)
showed higher displacements than those without As,U, but, the difference was less pronounced than
for hU = 5 cm. The relative displacements of IN were smaller than for the beams with hU = 5 cm and
a) b)
FIGURE 19.31: Debonding of the beams with hU = 3 cm: a) I3: IS, IN, b) H3: IS, IN74
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beams with hU = 5 and 10 cm.  
The stronger debonding of the LVDts IS may be explained with the surface preparation of the
beams. The last 10 cm of the interface at the side of LVDTs IS had not been prepared by hydrojet-
ting, while the side of LVDTs IN was completely hydrojetted. The bad quality interface at IS
favoured interface cracking and the relative displacements at the interface were higher. 
The thickness of the UHPFRC layer did not significantly influence the debonding of IS, since the
order of magnitude of the deformations was the same for the different thicknesses. However, the
thickness influenced the relative deformations at the hydrojetted side (IN). The highest deformations
were observed for the thinnest (hU = 3 cm) and the lowest for the thickest beams (hU = 10 cm). The
higher deformations indicate stronger debonding at the interface. 
Reinforcement in the UHPFRC layer led to higher interface cracks on the side of LVDTs IS,
however, no influence was observed on the side of LVDTs IN. The increase of debonding was
higher for the beams with hU = 5 cm. The reinforcement stiffened the UHPFRC layer. When the
monolithic behaviour of the element was reduced due to interface damage, this additional stiffness
favoured interface cracking with increasing deflections. The reinforcement As,U of the beams with
a) b)
FIGURE 19.32: Debonding of the beams with hU = 5 cm: a) IS, b) IN
a) b)
FIGURE 19.33: Debonding of the beams with hU = 10 cm: a) IS, b) IN75
Part IV: Structural Testing on Composite BeamshU = 5 cm was nearer to the interface than As,U of the beams with hU = 10 cm. The influence of the
reinforcement on the behaviour in deformation of the interface was higher for hU = 5 cm than for the
beams with hU = 10 cm leading to more interface cracking. This effect was not observed with the
LVDTs IN because the damage of the interface was less important and the monolithic behaviour of
the interface was sufficiently preserved to ensure a monolithic behaviour of the element. In addition,
vertical cuts were performed at 12 cm from the non-hydrojetted end and at 5 cm from the hydrojet-
ted end. No interface cracking was observed with the naked eye in the cut cross-sections.
The measurements of debonding are given in Appendix O.
19.4.5 Air permeability of the beams (Torrent tests)
The air permeability of the UHPFRC and the concrete was measured at the end of the long term
tests of the first test series (hU= 5 cm) with the Torrent test. The detailed test results can be found in
Appendix P. Figure 19.34 shows the results of the Torrent tests on the non-damaged materials. All
the measurements of the concrete were executed on non-damaged sections. Measurements of
undamaged UHPFRC were taken on the statically determinate beams (I5, I5L, I5R, I5RL). All the
measurements were considered except for one measurement of beam I5L that was taken on a
cracked section.  
The air permeability of the UHPFRC was very low. The histogram shows the distribution of the
measured values. The box plot shows that no outliers were observed for the UHPFRC. Finally, the
test results are modelled with a log-normal distribution with a mean value of kT = 0.003⋅10-16 m2.
The values of the concrete were situated in classes 3 and 4, indicating that the concrete had an
average to high permeability. No outliers were found for the concrete either. The mean value of the
concrete was kT = 0.483⋅10-16 m2. Therefore, the air permeability of the concrete was “average”
with a tendency to “high”.
Measurements on the UHPFRC were performed in cracked zones on the statically indeterminate
beams (H5, H5R). The measured values (Table P.5 and P.6 in Appendix P) had a strong variability.
As the crack widths in the tested zone could not be estimated accurately, no correlation was estab-
lished between the values of the Torrent tests and the damage.
FIGURE 19.34: Results of the Torrent tests (hU = 5 cm)76
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after Wenner. The electrical resistivity was dependent on the moisture content in the cementitious
material: the higher the electrical resistivity, the lower was the moisture content in the material. The
air permeability of materials with an electrical resistivity lower than ρ = 25 kΩ cm was higher than
for materials with an electrical resistivity higher than 25 kΩ cm. The Wenner tests were also mod-
elled with a log-normal distribution. The mean electrical resistivity of the UHPFRC was 66 kΩ cm.
All the measured values were higher than 25 kΩ cm. The Wenner test showed infinite values for the
concrete, i.e. the concrete was very dry at the time of testing.
19.5 Fracture tests
The results of the fracture tests can also be found in Appendices Q to T.
19.5.1 Beams without reinforcement in the UHPFRC layer (NR)
Force-deflection diagrams. The force-deflection diagrams (Figure 19.35 and 19.36a) show the
results of all the tested beams without reinforcement (NR) in the UHPFRC layer (As,U). The deflec-
tion at mid-span was calculated with the equation: deflection = f1 + 0.5 ⋅ (f6 + f7).   
Figure 19.35a shows the curves for the beams with hU= 3 cm (NR3). Three periods could be
observed during the test: First, the beams had a high stiffness until a deflection of approximately
2.5 mm. Then, the slope of the curves became smaller until a deflection of approximately 20 mm.
Finally, the force remained constant and was reached at a deflection of 20 mm, until a decrease indi-
cated the beginning of the final fracture of the beam. The beam H3 reached the end of the first
period at a force of 10 kN and had the lowest stiffness. The highest stiffness was observed for the
beam I3. The differences in stiffness may be explained with damage in form of microcracking,
induced during the long term tests (cf. 19.4). The beam H3 was the only beam that showed visible
bending cracks in the UHPFRC layer during the long term tests. The maximum force was 23 kN.
TABLE 19.10: Results of the WENNER tests
Material Beam ρ [kΩ cm] Remarks
UHPFRC H5 70 144 49 55 45 78 73
UHPFRC H5R 72 46 29 158 55 - 72
concrete H5R infinite values concrete too dry
a) b)
FIGURE 19.35: Force-deflection diagrams of the beams without As,U: a) hU= 3 cm, b) hU = 5 cm77
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increased monotonously until the end of the tests, just before the fracture of the tensile reinforce-
ment of the beams. The maximum force was 21 kN at a deflection of 10 mm and remained constant
until the final fracture of the beam. The similar curves of the three beams NR5 confirmed the obser-
vations during the long term tests with respect to damage.
The force, measured on the beams with hU= 10 cm (NR10), did not increase monotonously until
failure: a maximum was observed at a deflection of approximately 5 mm (Figure 19.36a). The max-
imum force varied between 31 and 45 kN and was between 30% and 90% higher than for beams
NR3 and NR5. The deflection at the maximum force was higher for higher maximum forces
(3.3 mm for 31 kN, 7.8 mm for 45 kN). After the maximum, the force decreased until a force of
21 kN. The deflections increased little during the decrease of the force. Finally, the force increased
slowly until the final fracture of the beam, corresponding to the resistance of the original reinforced
concrete section.
The higher maximum force of the NR3 for deflections higher than 15 mm was due to the higher
age of its concrete substrate. The age of the concrete substrate was 250 days for the NR5, 370 days
for the NR10 and 465 days for the NR3. The mechanical properties of the old concrete increased
during this period (cf. Section 9), leading to a higher force for deflection higher than 15 mm.
The variability of the results was small for the NR5 and higher for the NR10. The variability of
the beams NR10 may be explained with the variability of the material characteristics of the UHP-
FRC. As the UHPFRC layer of the NR10 was the thickest one, the influence of the UHPFRC on the
maximum force was the highest. Differences in the fibre distribution led to differences in the resist-
ance of the UHPFRC layer and therefore to different maximum forces.
Comparison with a reinforced concrete beam. Figure 19.36b shows the comparison of the beams
without reinforcement in the UHPFRC layer (NR3, NR5 and NR10) with the force-deflection curve
of a beam consisting only of the reinforced concrete (RC) layer before the UHPFRC was applied, e.
g. a cross section of a 17*30 cm and the reinforcement As,low and As,upp. The curves NR3, NR5 and
NR10 of this figure are representative for the test results. The deflection was calculated with a cross-
sectional analytical model for a bending beam; the deflection was determined by using the calcu-
lated strains. The dashed line of the analytical model indicates the supposed transition between state
I and state II of the beam. The UHPFRC contributed until a deflection of approximately 20 mm (l/
120). At this moment, the width of the main crack was so large that the transferred force may be
neglected.
a) b)
FIGURE 19.36: a) Force-deflection diagrams of the beams without As,U for hU = 10 cm, b) comparison 
of the force-deflection curves with the concrete section (mean curves)78
SAMARIS SAM_GE_DE18v01_01The main contribution of the UHPFRC was the increase of stiffness for deflection smaller than
20 mm. The curves of the beams with the UHPFRC layer were convex, the curve of the beam of
concrete was concave. The convex curve can be explained with the hardening behaviour of the
UHPFRC in tension. The UHPFRC layer acted as tensile reinforcement of the beam. The plasticity
limit was smaller than for steel, but compared to traditional concrete with its softening behaviour,
the UHPFRC represents a tremendous improvement. The concave behaviour of the RC beam was
due to the softening behaviour of concrete that already reduced the stress transfer in the section for
small crack widths, leading to a decrease in stiffness.
Measurements of the ODS. The ODS in the UHPFRC layer (ODS U) and in the concrete substrate
(ODS L) recorded the mean deformation over a length of 200 cm in the central span of the beam
(Figure 19.37). The deformations of ODS U increased during the whole test. The slope of the curve
was steep until a deflection of approximately 0.75 to 1 mm. Afterwards, the deformations increased
more rapidly. The deformation at the end of the tests were more than 13 mm. As the mean value
over a length of 200 cm was measured, the crack openings were included in the measurements of the
ODS.  
The deformations, measured in the concrete substrate (ODS L), decreased at the beginning of the
test and increased afterwards (Figure 19.37b). For the beams NR3 and NR5, the increase of defor-
mation began shortly after the slope of the curves of ODS U changed (at 13 kN for NR3 and 19 kN
for NR5); for the NR10, the increase began at the maximum force. The change of the deflection may
be explained with the decreasing thickness of the compression zone of the beam. ODS L was situ-
ated at 3.4 cm from the lower side of the beam. When the compression zone became smaller than
3.4 cm, ODS L was in the tension zone of the beam, and its deformations increased. At the end of
the tests, deformations of ODS L were an order smaller than those of ODS U. ODS L only measured
deformations, while ODS U measured a mixture of deformations and crack openings.
Cracking of the beams NR. Cracks, distributed over the beam, developed in the tensile zone of the
beam (in the UHPFRC) at a deflection of approximately 2 mm. These distributed cracks had small
openings and were typical for a quasi strain-hardening material. When the maximum tensile force in
the UHPFRC was reached in one of these small cracks, this crack opened further and developed into
a localized crack. The localized cracks were observed with Ω-gages situated on the upper side and
on the sides of the beam (plans in Appendix D).
 The localized cracks of the beams NR3 occurred at a deflection of 1.7 mm and a force of approx-
imately 10 kN (Figure 19.38a). The force at the localization was less than half of the maximum
force. Two cracks were observed with Ω1 and Ω7. After a strong increase of the displacement at the
a) b)
FIGURE 19.37: Force-ODS: a) ODS U, b) ODS L (beams I3, H5, H10)79
Part IV: Structural Testing on Composite Beamsbeginning up to a CMOD of 0.4 mm, Ω7 measured higher crack openings than Ω1. Beyond the max-
imum force, the crack openings remained constant, indicating that final fracture occurred in neither
of the two cracks.  
The localized cracks of the NR3 developed over the whole thickness of the UHPFRC layer, as
the values of Ω-gage Ωside (at 2 cm from the upper side) increased at the same moment as those ofΩ-gage Ωupp (Figure 19.38a). As the Ω-gages on the sides had measuring ranges of 2 mm, they had
to be removed during the test. Debonding in the interface zone was also observed from this time on.
At a deflection of 16 mm, the rate of the crack opening increased, the crack opening became impor-
tant with 7 mm at a deflection of 20 mm, and a crack width of 1.5 mm of the horizontal interface
crack. Afterwards, the crack width stabilized. As the observed crack was situated above the supports
of the beams that were equipped with 10 cm large steel plates, deformations were confined in the
compression zone. The final failure (fracture of the rebars As,upp) could not take place in this sec-
tion; it occurred in a crack in the middle of the beam. This crack formed after the two main cracks
(due to the threads) and became only important shortly before the final failure of the beam.
Crack localization of the NR3 occurred always at places that were damaged by the previous long
term tests or at weak spots of the beams. As the ODS were fixed with threads to the formwork, the
treads ran perpendicular to the axis of the beams above the supports near the upper side in the UHP-
FRC layer. These threads were weak spots in the UHPFRC layer and forced the main cracks into
these sections for the beams I3L and I3. The threads explain also the rapid increase of the crack
width, when the cracks began to open. The threads cut the UHPFRC over a thickness of approxi-
mately 0.5 mm. When the zone above the threads cracked, there was no resistance over the thickness
of the thread and the crack depth increased, with the consequence of larger crack openings (approx-
imately 0.4 mm at the end of the period of fast crack growth). This fast development of the crack led
to an energy release that could be heard during the testing. The beam H3 showed cracks perpendicu-
lar to the axis after the long term tests (cf. Section 19.4.2). The localized cracks developed out of
these cracks.
Localized cracks occurred for the NR5 and the NR10 at a deflection of approximately 4 mm
(Figure 19.39a) when the maximum force of the NR10 was reached and when the force of the NR5
was near its maximum. For all the beams of the same type (NR5 and NR10), the localization of the
cracks started at the same deflection. The crack widths were higher for the NR10 than for the NR5.
The higher thickness of the beams NR10 led to the higher crack openings for the same deflection.
By comparing the ODS with the Ω-gages, it can be deduced that the localized macrocrack formed at
a) b)
FIGURE 19.38: Crack openings, measured with Ω-gages of beam NR3 (H3): a) on the upper side, 
b) on the upper side and on the sides80
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crack localization occurred for beams NR at values between approximately 0.5 an 1‰. 
The crack pattern was followed for one beam NR10 (I10) with three Ω-gages placed on the upper
side and on the side of the beam (Figure 19.39b). The displacement, measured with the Ω-gage on
the side of the beam (Ωside, at 6 cm from the upper side of the beam), increased simultaneously with
the gage fixed on the upper surface (Ωupp), measuring slightly smaller values, e. g. the localized
crack developed over the thickness of the UHPFRC layer. 
From a deflection of approximately 6 mm on, horizontal cracking in the interface zone was
observed with the Ω-gage perpendicular to the axis of the beam (Ωint). Ωint was situated at a distance
of 5 cm from the vertical crack. The width of the interface crack increased monotonously with fur-
ther deflection, indicating that no more tensile force could be transferred in this zone and suggesting
strong debonding over an increasing length of the beam. 
This was also confirmed by the crack patterns that could be observed visually during the testing:
Figure 19.40a shows the crack path of a localized crack on beam NR10 at the end of the test with
large crack openings. It can be stated that debonding with large crack openings occurred at the level
of the upper reinforcement of the concrete substrate (As,upp) (Figure 19.40b), indicating that rebars
near the interface weakened the concrete and favoured debonding. It has to be noted that the inter-
face cracking of beams NR10 occurred, after the maximum force had been obtained and did not
influence the maximum force.  
Bending cracks occurred in the beams. The visible cracks were traced on the upper side of the
beams with different colours to follow the evolution of the beams (Appendix T). One representative
beam of each thickness of the UHPFRC layer was investigated in detail. The results of the crack
evolution were shown in Table 19.11. The diagrams force-deflection f1 show the periods, during
which the same colour was used on the beams. The table below gives the limits of the force and the
deflection f1 for each period as well as the number of bending cracks in the central span of the beam
and the number of cracks per meter. 
The first bending cracks occurred at a deflection of approximately 1.3 to 2 mm. More and more
cracks developed on the beams until the maximum force was reached. The beam NR3 had 3 major
cracks at a force of 12 kN, being half of the maximum force; the beam NR10 had 3 major cracks at a
force of 32 kN at 70% of the maximum force. The crack widths of NR3 increased rapidly (see
Figure 19.38), whereas the opening of the cracks of the NR10 remained small, until the maximum
force was reached (see Figure 19.39). The high crack openings of the NR3 may be explained with
a) b)
FIGURE 19.39: Crack openings, measured with Ω-gages: a) on the upper side (NR5 (I5), NR10 (I10)), 
b) on the upper side and on the sides (NR10 (H10))81
Part IV: Structural Testing on Composite Beamsthe weak spots due to threads of the beams. When the maximum force was reached, approximately 6
cracks per meter occurred in the central span of NR3, 7.1 cracks per meter of NR5 and 8.8 cracks
per meter of NR10. The higher the thickness of the UHPFRC layer, the more cracks occurred in the
central span of the beam.
The crack patterns on the upper side of the beams were very complex (Appendix T). The cracks
did not go straight from one side of the beam to the other. A lot of crack bridging and branching was
observed. The crack openings stayed small because of the complex crack patterns and the high
number of small cracks. The multiple cracking may be attributed to the quasi-strain hardening
behaviour of the UHPFRC.
At the end of the development of the distributed cracks, the space between the cracks varied
between 11 and 15 cm (Figure 19.41b). The space depended on the maximum stress on the upper
side of the UHPFRC layer, on the fibre distribution in the UHPFRC and on the paths of already
existing cracks. The fracture behaviour of the beams was accompanied by a strong debonding in the
interface zone. When the width of the localized cracks increased, the tensile stress transfer across the
a) b)
FIGURE 19.40: NR10: a) localized crack at the end of the test, b) debonding at the interface at 
5 cm of the localized crack
TABLE 19.11: Cracking of the beams NR
NR3 (I3L) NR5 (I5) NR10 (I10L)
Force / f1 
[kN] / [mm]
cracks 
[-]
cracks 
[1/m]
Force / f1  
[kN] / [mm]
cracks 
[-]
cracks 
[1/m]
Force / f1  
[kN] / [mm]
cracks 
[-]
cracks 
[1/m]
1) 12.0 / 2.7 3 1.3 1) 15.3 / 3.7 4 1.4 1) 32.0 / 2.9 3 1.3
2) 14.3 / 5.1 7 3  2) 38.0 / 4.9 8 3.3
3) 18.8 /  9.7 14 6 2) 19.4 / 9.4 15 6.2 3) 44.5 / 8 18 7.5
3) 22.0 / 17.4 17 7.1
4) 15 6 4) 17 7.1 4) 21 8.882
SAMARIS SAM_GE_DE18v01_01crack was reduced and the tensile stress had to deviate to the reinforcement of the concrete section
As,upp. Tensile stresses perpendicular to the interface zone developed. Since the interface zone had
the lowest tensile resistance, even relatively low tensile stresses were sufficient to cause debonding
cracks. As the tensile stresses could not be transferred across the cracked interface any more, they
had to deviate at a greater distance from the vertical localized crack and the debonding crack propa-
gated further (Figure 19.41a).  
Fracture Mode. The fracture of the composite beams is described with five stages (Figure 19.42):  
I. In the beginning, the beams showed linear-elastic behaviour.
II. When the cracking threshold of the UHPFRC matrix was reached, distributed cracks developed
in the UHPFRC. Because of the high amount of steel fibres, the force was transferred across the
cracks. The tensile stresses continued to increase in the UHPFRC. New distributed cracks
occurred until the ultimate resistance of the beam was reached.
III.Localized cracks developed from already existing distributed cracks at one or several places of
the beam. These cracks occurred at deflections of 2 to 4 mm.
a) b)
FIGURE 19.41: a) Failure principle, b) crack pattern (at the end of the test) of the beams NR
a) b)
FIGURE 19.42: Schematic diagram of the fracture: a) NR3 (and also for NR5), b) NR1083
Part IV: Structural Testing on Composite BeamsIV.When the localized cracks reached the interface, they went straight into the concrete substrate.
Shortly afterwards, interface cracks developing into debonding in the interface zone were
observed. The debonding was strong and increased monotonously.
V. The fracture of the beams was announced by large deformation and spalling in the compression
zone. The simultaneous fracture of all the rebars in tension (As,upp) led to the final fracture of the
beam.
19.5.2 Beams with reinforcement in the UHPFRC layer
Force-deflection diagrams. The force-deflection diagram (Figure 19.43a) shows the results of all
the tested beams with reinforcement (R) in the UHPFRC layer (As,U) and the calculated curve for
the concrete section (cf. Figure 19.36b on page 78). The reinforcement ratio of the rebars was con-
stant when referred to the section of the UHPFRC layer and was ρs,U = As,U/(b hU) = 2.1%. This
corresponded to an additional flexural reinforcement of ρs,U,bend = As,U/(b htotal) = 0.5% for the
beams with hU= 5 cm (R5) and ρs,U,bend = 0.8% for the beams with hU= 10 cm (R10).  
Three periods were distinguished during the testing: First, the stiffness of the beams was high
until a deflection of 2 mm. Then, the stiffness of the beams became lower and stabilized to a con-
stant slope until a deflection of 15 mm. The final period, was characterized by a slowly increasing
force for the R5 and a decreasing force for the R10 and led to the final fracture of the beams.
The first period of the beams with R5 finished at a force of 12 kN, the second at a force of 42 kN
which was near the maximum force (46 kN) at a deflection of 25 mm. The force increased monoto-
nously until the end of the tests. The maximum force was two times higher when compared to the
concrete section. The R10 were stiffer than the R5 due to their higher thickness and the higher rein-
forcement ratio ρs,bend. The first period ended at a force of 23 kN, i.e. the maximum force of the
concrete section. The second period ended at the maximum force which was between 93 and 103 kN
- more than four times the maximum force of the concrete section and more than two times the max-
imum force of the NR10. Afterwards, the force decreased until the final fracture of the beams.
Measurements of the ODS. The deformations, measured with the ODS in the UHPFRC layer
(ODS U), (Figure 19.43b) showed a similar behaviour as the force-deflection curves
(Figure 19.43a). The measurements of ODS U indicated deformations of 10 mm over a length of
200 cm. The high deformations were a mixture of crack openings and deformations. The measure-
ments of the ODS in the concrete substrate (ODS L) showed a linear decrease of deformations with
a) b)
FIGURE 19.43: Beams with As,U: a) force-deflection diagram, b) force-ODS84
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the R5.When the force decreased for the R10, ODS L increased with the slope of the decrease. 
The compression zone of the beams with As,U was always thicker than 34 mm, since ODS L
decreased monotonously for an increasing force. The deformation with localized cracks was con-
centrated in a band around the crack, therefore, ODS U, placed in the tension zone, measured the
deformations and the whole crack width, the deformations in the compression zone were concen-
trated on a small volume of ODS L and did not significantly influence the measurements over the
length of 200 cm.
Cracking behaviour. After the first period of high stiffness, distributed cracks occurred on the
upper surface on the beams. These distributed cracks had small widths and occurred when the UHP-
FRC was in the quasi strain-hardening behaviour. The deformations, measured with the Ω-gages,
were still small and comparable for the whole middle span of the beam (Figure 19.44a). Localized
cracks occurred at a deflection of approximately 15 mm (l/120) - a deflection more than three times
higher than the one of the beams without As,U in the UHPFRC layer. At the localization of cracking,
the force reached its maximum for the R10 and was nearly at its peak value for the R5. At this
moment, the space between distributed cracks was 2 to 5 cm (Figure 19.46b). The localized crack
opened over the whole thickness of the UHPFRC layer, since the values of the Ω-gage on the side of
the beam (Ωside, at 2.5 cm from the upper side) increased simultaneously with the Ω-gage on the
upper side (Ωupp) (Figure 19.44b). The comparison of ODS and W-gages showed that crack locali-
zation occurred for beams R at approximately 3‰. 
Interface cracking started at a deflection of 17.5 mm (Figure 19.44b). The width of the interface
crack increased until a deflection of 22 mm to a width of 0.6 mm. For higher deflections, the width
stayed constant. In contrast to the beams without As,U in the UHPFRC layer (Figure 19.39b on
page 81), where the width of the interface crack increased monotonously, the interface crack of the
beams with As,U in the UHPFRC layer seemed to stabilized (Figure 19.44b). 
Less interface cracking was observed for the beams R: the cracks went more directly into the
concrete substrate (Figure 19.45a). As a part of the tensile stresses across the localized crack went
through As,U, the part of the tensile stresses, which had to deviate to the rebars in the concrete sec-
tion (As,upp), and the tensile stresses perpendicular to the interface were smaller. So, less debonding
occurred for this configuration (Figure 19.46a). The debonding crack was at the level of the upper
rebars in the concrete substrate (As,upp) (Figure 19.45b). The opening of the localized cracks led to
a) b)
FIGURE 19.44: Crack openings, measured with Ω-gages: a) on the upper side (R5 (H5R), R10 (I10R)), 
b) on the upper side and on the sides (R10 (I10R))85
Part IV: Structural Testing on Composite Beamsyielding in the rebars As,U, and the final fracture of the beam - the fracture of the rebars As,U and
As,upp - was announced by high deformations of the beam and spalling in the compression zone.   
The evolution of the bending cracks on the upper side of the beams was followed visually. The
summary of the evolution of the crack pattern can be found in Table 19.12, the distribution of the
cracks on the upper side of the beam in Appendix T. The values in Table 19.12 referred only to the
central span of the beams. Due to pronounced crack bridging and branching, it was impossible to
quantify the exact number of cracks. Therefore, the values in Table 19.12 are only approximate to
give an idea about the crack pattern.
The beam R5 had 10 main cracks at a force of 20.8 kN, being 50% of the maximum force, the
beam R10 had 21 main cracks at a force of 52 kN (50% of the maximum force). The main cracks
began to open further at a deflection of approximately 14 mm (cf. Figure 19.44a). At this moment,
approximately 14 cracks per meter could be found on beam R5 and approximately 18 to 20 cracks
per meter on beam R10. As the crack patterns were complex (bridging and branching), the cracks
were found every 3 to 5 cm.
Fracture Mode. The fracture behaviour of the composite beams may be described in five stages
(Figure 19.47):
a) b)
FIGURE 19.45: R10: a) localized crack at the end of the test, b) debonding at the interface at 
5 cm of the localized crack 
a) b)
FIGURE 19.46: a) Failure principle, b) crack pattern (at the end of the test) of the beams R86
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II. When the cracking threshold of the UHPFRC matrix was reached, distributed cracks developed
in the UHPFRC. Because of the high amount of steel fibres, the force was transferred across the
cracks. The tensile stresses continued to increase in the UHPFRC. New distributed cracks
occurred until the ultimate resistance of the beam was reached.
III.Localized cracks developed from already existing distributed cracks at one or several places of
the beam. These cracks occurred at deflections of 15 mm.
IV.When the localized cracks reached the interface, they went straight into the concrete substrate.
Shortly afterwards, the formation of interface cracks was observed, however, these cracks stabi-
lized and did not lead to local debonding.
TABLE 19.12: Cracking of the beams R
R5 (H5R) R10 (I10R)
Force / f1 
[kN] / [mm]
cracks 
[-]
cracks 
[1/m]
Force / f1  
[kN] / [mm]
cracks 
[-]
cracks 
[1/m]
1) 20.8 / 4.6 10 4.2 1) 37.0 / 3.3 11 4.6
2) 52.0 / 5.6 21 8.8
2) 30.9 / 9.8 28 11.7 3) 76.0 / 10.0 29 12.1
3) 40.4 / 14.8 33 13.8
4) 43 18 4) 50 20.8
FIGURE 19.47: Schematic diagram of the fracture87
Part IV: Structural Testing on Composite BeamsV. The fracture of the beams was announced by large deformations and spalling in the compression
zone. The simultaneous fracture of all the rebars in tension (As,U, As,upp) provoked the final frac-
ture of the beam.
20 Conclusions from the beam tests
20.1 Processing
• The fabrication of composite “UHPFRC-concrete” elements was identical to the one of compos-
ite concrete elements. The UHPFRC was produced in a laboratory mixer without difficulty: it
was self-compacting and cast with a skip. The steel fibres were slightly orientated in axial direc-
tion as a result of the casting mode. 
• The preparation of the contact surface of the concrete by hydrojetting proved to be a good sur-
face preparation method. No debonding was observed at the contact surface between concrete
and UHPFRC. Fracture in the interface zone always occurred in the old concrete. Thus, a surface
preparation method should be chosen that induces the least damage in the concrete. As the con-
tact zone proved to be very good, it should also be possible to use surface preparation methods
leading to a lower roughness of the contact surface. However, the contact surface has to be pre-
pared before casting an UHPFRC layer, since barely visible interface cracks occurred in all the
beams at the small non-hydrojetted surface.
• Adequate curing was necessary to minimize damage. It is necessary to prevent water exchange
between the cementitious material and the surroundings. The used UHPFRC composition had a
delay of setting of one day. During this period, the UHPFRC was still soft and had to be protected
from drying. Thus, it is proposed to cure the UHPFRC at least by covering free surfaces with
plastic sheets. The skin layer of the UHPFRC may even have better properties when humid, but
not wet, textile sheets are applied during at least 5 to 7 days.
20.2 Testing
The results on the beam tests gave consistent results. Deformations, forces and cracking could be
well followed with the test set-up. However, there were some minor points that should be improved in
future tests.
• The ambient climatic conditions during the long term tests were aimed to be constant with a tem-
perature of 20 ± 1 °C and a relative humidity of 40%. However, the scatter of the relative humid-
ity was high and had a maximum variability of 15%. Thus, the isolation of the used climatic tents
was not sufficient to ensure constant climatic conditions and the climatic control parameters had
to be regularly adjusted.
• In the statically indeterminate beams, the major part of the additional restraint was attributed to
the fixation of the supports in vertical direction. The fixation in vertical direction worked as
planned and the bending deformations were restrained by the supports. The vertical restraint
increased the bending part of the degree of restraint of 87.5%.
• The fixation of the central supports in horizontal direction was only partially efficient due to the
insufficient stiffness of the experimental set-up in horizontal direction. So, horizontal deforma-
tions were observed in the central span of the statically indeterminate beams, but these deforma-
tions were lower than for the statically determinate beams. Total restraint in horizontal direction
can only be achieved by using an active system.
• The measurements started before casting the UHPFRC layer. Thus, temperatures and deforma-
tions could already be recorded for the very early age of the UHPFRC layer. Before setting, the
deformations in the UHPFRC layer could be qualitatively followed with the optical deformation
sensors (ODS). 88
SAMARIS SAM_GE_DE18v01_01• The beams were equipped with two optical deformation sensors placed in the UHPFRC and the
concrete substrate respectively in order to measure mean central span deformations and curva-
ture. A third optical deformation sensor at the height of the upper reinforcement of the concrete
substrate (As,upp) would have been beneficial in order to follow the profile of deformation in the
cross-section of the beams and to better determine whether and when debonding occurred.
• The LVDTs that were installed to measure the horizontal deformations of the beams during the
long term tests did not give valid results, since the measuring system was too much influenced by
external factors and by the curling of the beams. The deduction of horizontal deformations and
debonding with LVDTs is only possibly when equipping the structural elements with more sen-
sors.
• The deformations of the statically indeterminate beams were small. The reactions of the supports
were not measured and the interaction between stresses and deformations must be investigated
by inverse analysis. It would have been beneficial to record the reaction forces at the supports to
determine better the interaction between deformations and stresses in the statically indeterminate
system. 
• Cracking was observed visually during the early age and long term tests. During the fracture
tests, cracking was also observed visually and with Ω-gages fixed on the upper side and on the
sides of the beams. It would have been interesting to investigate crack patterns and widths more
in detail for example with optical methods. However, the high number of fine cracks in the UHP-
FRC makes an exact mapping and evaluation of cracking difficult.
• The time span of the creep tests was short with 7 weeks. The tests started at an age of the UHP-
FRC layer of 28 days when the properties still changed. Creep should have been measured for at
least 3 months and end after the stabilizing of the deformations in the UHPFRC layer which was
at approximately 90 days after casting. The measurements of the creep recovery were also too
short, since only the elastic part of the recovery could be estimated due to the short period of
measurements of creep recovery. However, conclusions could be drawn with regard to microc-
racking induced by the creep loading.
• The TORRENT measurements on the UHPFRC were difficult to conduct due to the uneven sur-
face of the UHPFRC. Air bulbs at the surface made it difficult to place the measuring device.
Furthermore, the permeability of the UHPFRC was so low, that the lower limit of the measuring
range was reached in some cases.
20.3 Early age and long term tests
20.3.1 Early age of the concrete substrate
• The temperature evolution in the concrete substrate at early age shows that the maximum tem-
perature on the beams was between 27 and 38 °C. This was due to the external heating at early
age, which led to a temperature rise of approximately 15 °C. The beams cooled down to ambient
temperature of approximately 10 °C in a period of 2.5 days.
• No visible cracks were observed on the beams at their arrival at the EPFL 4 days after casting.
20.3.2 Early age of UHPFRC layer
• The maximum early age deformations were reached one hour before the maximum temperature
was reached. In the beginning, the beams expanded due to the temperature rise, afterwards, the
temperature decreased and self-desiccation led to contraction of the beams. The interaction of
autogenous shrinkage and deformations due to heat of hydration was observed during the beam
tests. Self-desiccation started before the maximum temperature was reached and reduced the
peak of deformations.
• The setting point of the UHPFRC was defined as the point when the measurements with the opti-
cal deformation sensors indicated a monolithic behaviour of the beams. The setting point was89
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mately 24 hours after casting.
• The early age was the critical period for the beams. Most of the deformations and cracks
occurred during this period. In combination with the relatively low strengths of the UHPFRC
during this period, cracking was likely to occur during the first 7 to 10 days after casting.
20.3.3 Degree of restraint (influence of the static system)
• The calculated degree of restraint at 28 days varied between 0.41 and 0.51 for the statically
determinate beams and between 0.53 and 0.76 for the statically indeterminate beams. This values
did not consider the additional restraint in horizontal direction, since the fixation of the horizon-
tal supports only worked partially. 
• The static system influenced significantly the bending deformations of the beams: deflections
and curvature were more than 10 times higher for the statically determinate beams (I) than for the
statically indeterminate beams (H).
• The influence of the static systems on the axial deformations was only 5 to 15%. The small dif-
ference in the axial deformations indicated that only partial restraint was obtained with the pas-
sive horizontal system of the supports of the statically indeterminate beams.
• The degree of restraint was influenced by the proportion of the thicknesses of the concrete and
the UHPFRC layer: the higher the thickness of the UHPFRC layer, the lower the degree of
restraint.
• The supports of the statically indeterminate beams were loosened at the end of the long term
tests. The recovery of deflections and curvature after the loosening did not reach the deforma-
tions of the statically determinate beams. This may be interpreted as viscoelastic deformations
provoked by the statically indeterminate system.
20.3.4 Influence of the thickness of the UHPFRC layer
• An increasing thickness of the UHPFRC layer induced higher deformations in the statically
determinate beams - the deflections of the beams with hU = 10 cm were two times higher than for
the beams with hU = 3 cm. This is attributed to the lower degree of restraint and to the higher
temperature gradient at early age. A significant increase in longitudinal contraction of the stati-
cally indeterminate beams was observed with increasing thickness of the UHPFRC layer: the
axial deformations of H10 were four times higher than of H3 and reached a value of -200 µm/m
after 70 days.
• Damage at early age may be induced in thin layers with high degree of restraint (beam H3).
Therefore, the interaction between deformations, loading and restraint has to be investigated
when thin layers were used.
20.3.5 Influence of additional reinforcement in the UHPFRC layer
• Reinforcement in the UHPFRC layer As,U reduced bending and axial deformations. The deflec-
tion of the statically determinate beams with As,U and hU = 10 cm (I10R) was 25% lower than
for the beams without As,U (I10), while no significant difference was observed for the beams
with hU = 5 cm (I5, I5R). The reinforcement in the UHPFRC layer was placed distantly from the
concrete substrate. Thus, the restraint of the reinforcement was more important for thicker UHP-
FRC layers.
• Reinforcement in the UHPFRC layer As,U induced additional restraint at the surface of the UHP-
FRC and therefore higher stresses in the UHPFRC during the long term tests. When the stresses
exceeded the tensile strength of the UHPFRC matrix, cracking occurred in the UHPFRC, leading
to a lower stiffness and higher deflections of the structural elements. This was the case for the
beams with hU = 10 cm: The stress level in the UHPFRC layer of beam I10R stayed below the90
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deformations, while the stress level of beam H10R exceeded the tensile strength of the UHPFRC
matrix and the deformations were increased due to damage in the UHPFRC matrix.
• No stirrups or connectors between the UHPFRC and the concrete substrate were necessary to
guarantee monolithic behaviour of the elements until the maximum load was reached.
20.3.6 Flexural creep
• The load level during the creep tests was high, inducing additional tensile stresses of 4.5 MPa (at
the upper fibre of the UHPFRC layer) into beams I5L and I5RL and 6 MPa into beams I3L, I10L
and I10RL.
• The creep compliance was in the range of concrete beams [Bernard00]. Slight damage was
observed for the beams with the higher load level (I3L, I10L and I10RL), while no damage was
observed for the beams with the lower load level (I5L, I5RL). The creep compliance indicates
that the creep deformations did not stabilize during the test period.
• The time span of the creep recovery measurements after unloading was short. However, the
recorded data was sufficient to evaluate damage in the beams due to the loading. Damage is sus-
pected in beams I3, I10 and I10R, where the deformations at unloading were significantly
smaller than at loading. No such clear observations were made for beams I5 and I5R, which
remained probably undamaged during creep.
20.3.7 Crack formation
• Surface cracks were detected during the tests. Most of the cracks were orientated in transversal
direction. The major part of crack formation depended on the casting of the UHPFRC, since no
correlation between the test parameters and the crack distribution could be observed. Cracks in
longitudinal direction also formed, indicating a slight fibre orientation in longitudinal direction.
Only on beam H3, two transverse cracks due to early age deformations were observed which
may be attributed to its high degree of restraint.
• The major part of the surface cracks formed until an age of the composite beam of 14 days.
• Debonding was observed on all the beams at the small non-hydrojetted surface at one end of the
beams during the early age and long term tests. The contact surface of the existing concrete must
therefore be prepared before the casting of the UHPFRC layer. Slight debonding was observed
on the hydrojetted end of the beams. The crack openings stayed small (< 50 µm) and the struc-
tural behaviour of the beams was not altered. Debonding always occurred in the existing concrete
at a distance of 0 to 2 cm from the contact surface. The adherence between concrete and UHP-
FRC was perfect in case of surface preparation by hydrojetting, since nearly no fracture occurred
at the contact surface (< 5% of the contact surface).
• Reinforcement in the UHPFRC layer As,U increased the number of surface cracks during the
long term tests.
20.3.8 Physical properties
• The air permeability of the UHPFRC was very low at the non-damaged zones. It was two to
three orders of magnitude lower for the normal strength concrete. The low permeability of UHP-
FRC significantly hinders the ingress of detrimental substances into the structural elements.
20.4 Fracture tests
20.4.1 Influence of the thickness of the UHPFRC layer
• The stiffness of the beams was increased by the UHPFRC layer. The strain hardening behaviour
of the UHPFRC, leading to distributed cracks, was responsible for the increased stiffness of the91
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localized cracks formed.
• Localized cracks of the NR3 occurred at a force of 10 kN, being less than half of the maximum
force. The localized cracks of the NR5 and NR10 formed near the maximum force at a deflection
of 4 mm. 
• The maximum force of the beams was increased when the UHPFRC layer was thicker than a
threshold value of hU (between 5 and 10 cm for the tested beams): The increase of the maximum
force for the NR10 was always more than 30%. The variability of the force increase was high,
ranging from 30 to 90%. These differences may be explained by the inhomogeneity of the fibre
distribution in the UHPFRC layer. One section with less fibres orientated in the direction of the
tensile stresses was enough to form a weak zone in the layer and to cause cracking in the section.
• The force dropped quickly after having reached its maximum for the NR10. After an exceeding
of deformation, one to five localized crack formed in the beams and the ultimate resistance was
controlled by the reinforced concrete.
• Beam H3 was damaged during the long term tests, since it had a lower stiffness than I3 and I3L.
No damage could be observed for the beams with thicknesses of the UHPFRC layer of 5 and
10 cm.
20.4.2 Influence of reinforcement in the UHPFRC layer
• Reinforcement in the UHPFRC layer (As,U) increased the maximum force of the beams during
the fracture tests. A reinforcement of ρ = 2% of AUHPFRC doubled the maximum force of the
beams with hU = 5 cm and quadrupled the maximum force of the beams with hU = 10 cm when
compared to the original reinforced concrete section respectively.
• Reinforcement in the UHPFRC layer led to finer crack distribution in the UHPFRC layer. The
continuous rebars distributed the deformations evenly over the central span. So, inhomogeneities
of the UHPFRC were balanced and localized cracks occurred at an average strain of the upper
UHPFRC fibre of approximately 3 ‰, corresponding to a mid-span deflection of 15 mm. In
comparison, localized cracks occurred on the beams without As,U at a deflection of 4 mm at less
than 1 ‰. Thus, the interaction of UHPFRC and rebars proved to be effective. Rebars increase
the resistance of the structural element and lead to later occurrence of localized cracks.
• No stirrups or connectors between the UHPFRC and the concrete substrate were necessary to
guarantee monolithic behaviour of the elements until the maximum load was reached.
20.4.3 Crack formation
• Distributed bending cracks formed during loading until the maximum force. These cracks had
small crack openings (< 50 µm) and were spaced regularly in the central span of the beams. At
the maximum force, cracks were observed every 10 to 15 cm for the beams NR and every 1 to
5 cm for the beams R.
• The distributed cracks in the UHPFRC layer had complex crack patterns. The high amount of
steel fibres and their slightly uneven distribution led to this crack formation, since the cracks fol-
lowed the path with the least amount of fibres and thus the smallest tensile strength.
• Localized cracks formed at a mid-span deflection of 4 to 7 mm (L/600) for the beams without
As,U and at 15 mm (L/160) for beams with As,U. Localized cracks formed at lower deflections for
the beams with a thickness of the UHPFRC layer of 3 cm, but, these cracks always occurred at
weak spots of the layer caused by the fixation of the optical deformation sensors (ODS).
• Monolithic behaviour of the beams was observed until the localized cracks reached the interface.
Then, interface cracks formed. They developed into local debonding for beams NR and changed
the structural behaviour. They stabilized rapidly for beams R and did not change their structural
behaviour.92
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Part V: Conclusions21 Material characterization of the UHPFRC
The material tests on the UHPFRC and concrete characterized the evolution of their physical
properties, its mechanical properties and its time-dependent deformations.
The main advantages of the UHPFRC when compared to the concrete were:
• the simplified casting technology, (the UHPFRC was self-compacting, the concrete had to be
vibrated)
• the high compressive strength,
• the significantly improved tensile properties, 
• mechanical properties and shrinkage became virtually constant after 90 days and
• the low permeability.
However, the UHPFRC had also disadvantageous properties when compared to the concrete:
• The heat of hydration was higher, but it did not lead to a significantly higher temperature rise in
the slender elements.
• The strong self-desiccation at early age caused high autogenous shrinkage of the UHPFRC
which is the main driving force for internal UHPFRC deformations. However, drying shrinkage
in the concrete was higher than the autogenous shrinkage of the UHPFRC.
Overall, the UHPFRC had significantly improved properties when compared to the concrete. The
deformations due to internal thermal and hygral changes (mainly at early age) were higher than for
normal strength concrete and may lead to higher stresses in case of restraint or gradients. However,
thanks to the high strengths and the hardening behaviour in tension, UHPFRC withstand these
actions without damage. 
22 Structural testing
22.1 Processing
• The processing of composite “UHPFRC-concrete” beams was comparable to the one of compos-
ite concrete beams. Since the UHPFRC was self-compacting, casting proved to be easy.
• An adequate preparation of the contact surface was necessary to ensure monolithic behaviour of
the composite elements. The preparation method should provide sufficient roughness and mini-
mize damage in the existing concrete support. Hydrojetting proved to be an adequate surface
preparation method.
• Curing was important: drying of the UHPFRC layer must be prevented during the first 5 to 7
days after casting.
22.2 Testing
• The fixation of the supports of the statically indeterminate beams was efficient in vertical direc-
tion. In horizontal direction, the supports restrained only partially the deformations.
• The measurements of deformation and temperature started before the casting of the UHPFRC
layer. So, early age temperature changes and deformations could be successfully recorded. The
chosen test methods proved to be efficient to describe the time-dependent behaviour and the
structural response of the composite beams. However, it would have been interesting to better
follow crack patterns and widths, especially in the domain of hardening of the UHPFRC, and to
record the support reactions of the statically indeterminate beams (H).94
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• Static system: The bending deformations of the statically indeterminate beams were more than 10
times lower during the long term tests, but, their increased restraint of deformation led to higher
stresses. The stresses reached the first cracking strength of the UHPFRC in beam H3, where
bending cracks were observed during the long term tests, while no such cracks were observed for
the statically determinate beams I3 and I3L.
• Thickness of the UHPFRC layer (hU): The thicker the UHPFRC layer, the higher were the defor-
mations of the beams during the long term tests. The deformations due to thermal changes and
autogenous shrinkage in the UHPFRC governed the deformations of the beams. 
During the fracture tests, the stiffness of the beams was increased by a thicker UHPFRC layer.
Moreover, the UHPFRC layer increased the resistance of the beams when it was thicker than a
threshold value lying between 5 and 10 cm for the given beam configuration. The high fracture
energy of UHPFRC led to a higher energy release during the fracture tests of the composite
“UHPFRC-concrete” beams.
• Reinforcement in the UHPFRC layer (As,U): During the long term tests, reinforcement in the
UHPFRC layer reduced the deformations. The decrease of deformations was mainly observed
for the beams with hU = 10 cm. The reinforcement induced supplementary restraint in the UHP-
FRC layer and induced higher stresses. In combination with a high degree of restraint (e. g. by
the static system), damage may occur in the UHPFRC. This damage could be observed on beam
H10R that had more visible (surface) bending cracks and higher deformations during the long
term tests than H10.
During the fracture tests, reinforcement in the UHPFRC layer As,U increased the resistance of the
beams, since it was placed in the tension chord. The distributed cracks in the UHPFRC
(< 50 µm) were more densely distributed, and localized cracks appeared near the maximum force
at three times higher deflections. 
• Creep: Damage due to loading was induced into the beams with the high load level (beams I3L,
I10L, I10RL). The creep compliance indicated that the creep deformations did not stabilize dur-
ing the test period. The order of magnitude of the creep compliance was in the range of compos-
ite concrete elements.
• Cracking: During the long term tests, only surface cracks occurred on the beams. H3 - the beam
with the highest restraint, was an exception, since two bending cracks formed in the UHPFRC
layer.
During the fracture tests, distributed bending cracks occurred. When the maximum force was
reached, one or several cracks with large crack openings formed. Failure occurred in one of these
localized cracks.
• Interface cracks and debonding: No significant interface cracking was observed during the long
term tests. 
During the fracture tests, the beams behaved in a monolithic way, until the maximum force was
reached. Then, interface cracks developed that led to local debonding in beams NR. However,
the interface cracks remained small and did not change the structural behaviour of beams R.
The advantageous properties of UHPFRC can be exploited in composite “UHPFRC-concrete”
elements. The main improvements of UHPFRC when compared to concrete were the tensile behav-
iour, i.e. strain-hardening and the high fracture energy, and the very low permeability, leading to a
higher stiffness and in several cases to a higher resistance as well as an improved cracking behaviour
in the composite beams.95
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SAMARIS SAM_GE_DE18v01_01Appendix A: Uniaxial tensile test (UHPFRC)
TABLE A.1: Uniaxial tensile tests on notched plate specimens (50*20*5 cm3, notched section: 16*5 cm2)
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Appendix A: Uniaxial tensile test (UHPFRC)TABLE A.1. Uniaxial tensile tests on dogbone plate specimens (70*20*5 cm3, reduced section: 16*5 cm2)
maximum force force at 1st crack
Name
Age 
[days]
Fmax 
[kN]
σmax 
[MPa]
F1st 
[kN]
σ1st 
[MPa]
Et 
[GPa]
A44JPC1 19.8 72.2 9.6 64.4 8.6 50.0
A44JPC2 20.1 47.4 6.3 39.4 5.3 49.4
A45JPC3 27 85.9 11.5 65.0 8.7 54.2
A45JPC4 28 87.4 11.7 71.4 9.5 52.7
A55T06L 244 95.8 12.0 88.2 11.0 59.8
A55T07L 245 81.8 10.2 81.8 10.2 56.4114
SAMARIS SAM_GE_DE18v01_01FIGURE A.2: Stress-disp. curves - 4 days FIGURE A.3: Stress-disp. curves - 4 days (detail)
FIGURE A.4: Stress-disp. curves - 8 days FIGURE A.5: Stress-disp. curves - 8 days (detail)
FIGURE A.6: Stress-disp. curves - 14 days FIGURE A.7: Stress-disp. curves - 14 days (detail)115
Appendix A: Uniaxial tensile test (UHPFRC)FIGURE A.8: Stress-disp. curves - 28 days FIGURE A.9: Stress-disp. curves - 28 days (detail)
FIGURE A.10: Stress-disp. curves - 98 days FIGURE A.11: Stress-disp. curves - 98 days (detail)
FIGURE A.12: Stress-disp. curves - 365 days FIGURE A.13: Stress-disp. curves - 365 days 
(detail)116
SAMARIS SAM_GE_DE18v01_01Fracture of the 4 days old specimens
FIGURE A.14: A57T01 - side 1 FIGURE A.15: A57T01 - side 2
FIGURE A.16: A57T02 - side 1 FIGURE A.17: A57T02 - side 2
FIGURE A.18: A57T03 - side 1 FIGURE A.19: A57T03 - side 2117
Appendix A: Uniaxial tensile test (UHPFRC)Fracture of the 8 days old specimens
FIGURE A.20: A55T01 - side 1 FIGURE A.21: A55T01 - side 2
FIGURE A.22: A55T02 - side 1 FIGURE A.23: A55T02 - side 2
FIGURE A.24: A55T03 - side 1 FIGURE A.25: A55T03 - side 2118
SAMARIS SAM_GE_DE18v01_01Fracture of the 14 days old specimens
FIGURE A.26: A55T04 - side 1 FIGURE A.27: A55T04 - side 2
FIGURE A.28: A55T05 - side 1 FIGURE A.29: A55T05 - side 2119
Appendix A: Uniaxial tensile test (UHPFRC)Fracture of the 28 days old specimens
FIGURE A.30: A18T01 - side 1 FIGURE A.31: A18T01 - side 2
FIGURE A.32: A18T02 - side 1 FIGURE A.33: A18T02 - side 2
FIGURE A.34: A18T03 - side 1 FIGURE A.35: A18T03 - side 2
FIGURE A.36: A44T01 - side 1 FIGURE A.37: A44T01 - side 2120
SAMARIS SAM_GE_DE18v01_01Fracture of the 98 days old specimens
FIGURE A.38: A44T02 - side 1 FIGURE A.39: A44T02 - side 2
FIGURE A.40: A18T05 - side 1 FIGURE A.41: A18T05 - side 2121
Appendix A: Uniaxial tensile test (UHPFRC)Fracture of the 365 days old specimens
FIGURE A.42: A18T08 - side 1 FIGURE A.43: A18T08 - side 2
FIGURE A.44: A18T09 - side 1 FIGURE A.45: A18T09 - side 2122
SAMARIS SAM_GE_DE18v01_01Fit of the different model parameters
FIGURE A.46: Tensile strength of the UHPFRC: 
fit to the de Schutter model
FIGURE A.47: Tensile strength of the UHPFRC: fit 
to the CEB-FIP model
FIGURE A.48: Fracture energy of the UHPFRC: 
fit to the de Schutter model
FIGURE A.49: Fracture energy of the UHPFRC: 
fit to the CEB-FIP model123
Appendix A: Uniaxial tensile test (UHPFRC)FIGURE A.50: Enotched (UHPFRC): fit to the de 
Schutter model
FIGURE A.51: Enotched (UHPFRC): fit to the 
CEB-FIP model
FIGURE A.52: Edogbone (UHPFRC): fit to the 
CEB-FIP model124
SAMARIS SAM_GE_DE18v01_01Appendix B: Experimental program of the beam tests
Date
Age of 
the old 
layer 
[days]
Age of 
the new 
layer 
[days]
Old layer
casting
removal of the formwork
transport to the EPFL
application of the epoxide resin on the sides (2 layers)
hydrojetting
re-application of the epoxide resin (2 layers)
7.2.2002
11.2.2002
12.2.2002
14./15.2.2002
14./15.5.2002
16./17.5.2002
0
4
5
6/7
96/97
98/99
-
-
-
-
-
-
Series 1 (hU = 5 cm)
installation of the beams (statically determinate beams, ISO)
                                       (statically indeterminate beams, HYP)
fixation of the supports of the HYP
casting of the new layer (ISO)
                                (HYP)
removal of the formwork (ISO)
                                 (HYP)
application of epoxide resin on the sides (2 layers) (ISO)
                                                                        (HYP)
loading (ISO)
unloading (ISO)
loosening of the supports of the HYP
end of the measurements (ISO)
                                 (HYP)
fracture tests (ISO)
                 (HYP)
2.7.2002
3.7.2002
11.7.2002
24.7.2002
16.7.2002
29.7.2002
22.7.2002
29./30.7.2002
22./23.7.2002
22.8.2002
8.10.2002
2.10.2002
10.10.2002
2.10.2002
16./17.10.2002
18.10.2002
145
146
154
167
159
172
165
172/173
165/166
196
243
237
245
237
251/252
253
-
-
-
0
0
6
6
5/6
6/7
29
76
78
78
78
84/85
94125
Appendix B: Experimental program of the beam testsSeries 2 (hU = 10 cm)
installation of the beams (statically determinate beams, ISO)
                                       (statically indeterminate beams, HYP)
fixation of the supports of the HYP
casting of the new layer (ISO)
                                (HYP)
removal of the formwork (ISO)
                                        (HYP)
application of epoxide resin on the sides (2 layers) (ISO)
                                                                        (HYP)
loading (ISO)
unloading (ISO)
loosening of the supports of the HYP
end of the measurements (ISO)
                                 (HYP)
fracture tests (ISO)
                 (HYP)
22.10.2002
23.10.2002
24.10.2002
12.11.2002
5.11.2002
15.11.2002
8.11.2002
15./16.11.2002
8./10.11.2002
12.12.2002
30.1.2003
21.1.2003
4.2.2003
29.1.2003
12.-14.2.2003
10./11.2.2003
257
258
259
278
271
281
274
281/282
274/276
308
357
348
362
356
370-372
368/369
-
-
-
0
0
3
3
3/4
3/5
30
79
77
84
85
92-94
97/98
Series 3 (hU = 3 cm)
installation of the beams (statically determinate beams, ISO)
                                       (statically indeterminate beams, HYP)
fixation of the supports of the HYP
casting of the new layer (ISO, HYP)
 removal of the formwork (ISO, HYO)
application of epoxide resin on the sides (2 layers, ISO, HYP)
loading (ISO)
unloading (ISO)
loosening of the supports of the HYP
end of the measurements (ISO and HYP)
fracture tests (ISO, HYP)
4.2.2003
29.1.2003
24.2.2003
25.2.2003
27.2.2003
27.2./2.3.2003
25.3.2003
13.5.2003
14.5.2003
19.5.2003
21.-23.5.2003
362
356
382
383
385
385/388
411
460
461
466
468-470
-
-
-
0
2
2/5
28
77
78
83
85-87
Date
Age of 
the old 
layer 
[days]
Age of 
the new 
layer 
[days]126
SAMARIS SAM_GE_DE18v01_01TABLE B.1. Sensors of the statically determinate beams
Denomination Type Place Remarks
f1 LVDT 20 mm mid-span deflection, central 
span
f2 LVDT 20 mm deflection cantilever south
f3 LVDT 20 mm deflection cantilever north
HS LVDT 10 mm horizontal displacement 
south
HN LVDT 10 mm horizontal displacement 
north
IS LVDT 1 mm relative displacement 
between the concrete and the 
UHPFRC layer south
IN LVDT 1 mm relative displacement 
between the concrete and the 
UHPFRC layer north
AM LVDT 10 mm displacement of the freely 
movable support
ODS U optical defor-
mation sensor
central span, UHPFRC layer 
(measuring length: 2 m)
ODS L optical defor-
mation sensor
central span, concrete sub-
strate (measuring length: 2 
m)
TCU thermocouple, 
type K
UHPFRC layer 
TCupp thermocouple, 
type K
concrete substrate, near the 
interface
TClow thermocouple, 
type K
concrete substrate, near the 
lower surface
HumU humidity sen-
sor
concrete substrate only in beams I5 and I10L
HumL humidity sen-
sor
concrete substrate only in beams I5 and I10L
RH1 humidity and 
temperature 
sensor 
ROTRONIC
UHPFRC layer only in beam I5127
Appendix B: Experimental program of the beam testsTABLE B.2. Sensors of the statically indeterminate beams
Denomination Type Place Remarks
f1 LVDT 20 mm mid-span deflection, central 
span
f2 LVDT 20 mm mid-span deflection, end 
span, south
f3 LVDT 20 mm mid-span deflection, end 
span, north
HS LVDT 10 mm horizontal displacement 
south
HN LVDT 10 mm horizontal displacement 
north
IS LVDT 1 mm relative displacement 
between the concrete and the 
UHPFRC layer south
IN LVDT 1 mm relative displacement 
between the concrete and the 
UHPFRC layer north
AS LVDT 1 mm displacement of the fixed 
support south
AN LVDT 1 mm displacement of the fixed 
support north
ODS U optical defor-
mation sensor
central span, UHPFRC layer 
(measuring length: 2 m)
ODS L optical defor-
mation sensor
central span, concrete sub-
strate (measuring length: 2 
m)
TCU thermocouple, 
type K
UHPFRC layer 
TCupp thermocouple, 
type K
concrete substrate, near the 
interface
TClow thermocouple, 
type K
concrete substrate, near the 
lower surface128
SAMARIS SAM_GE_DE18v01_01TABLE B.3. Sensors used during the fracture tests
Denomination Type Place Remarks
f1 LVDT 20 mm mid-span displacement, cen-
tral span
f2 LVDT 20 mm third point displacement 
(South), central span
f3 LVDT 20 mm third point displacement 
(North), central span
f4 LVDT 50 mm displacement cantilever 
south, under hydraulic jack
f5 LVDT 50 mm displacement cantilever 
north, under hydraulic jack
f6 LVDT 10 mm displacement support (South)
f7 LVDT 10 mm displacement support (North)
F1 force sensor, 
200 kN
force of the hydraulic jack, 
south
F2 force sensor, 
200 kN
force of the hydraulic jack, 
north
ODS U optical defor-
mation sensor
central span, UHPFRC layer 
(measuring length: 2 m)
ODS L optical defor-
mation sensor
central span, concrete sub-
strate (measuring length: 2 
m)
Ω1 to Ω7 Ω-gages, base 
100 mm
on the upper side of the 
beam, according to plans
Ω10 to Ω15 Ω-gages, base 
50 mm
on the sides of the beam, 
according to plans129

SAMARIS SAM_GE_DE18v01_01Appendix C: Reinforcement drawings
FIGURE C.1: Reinforcement drawing of the concrete substrate of the statically determinate beams131
Appendix C: Reinforcement drawingsFIGURE C.2: Reinforcement drawing of the concrete substrate of the statically indeterminate beams132
SAMARIS SAM_GE_DE18v01_01FIGURE C.3: Cross section of the beams with hU = 3 cm, scale 1:10133
Appendix C: Reinforcement drawingsFIGURE C.4: Cross section of the beams with hU = 5 cm, scale 1:10134
SAMARIS SAM_GE_DE18v01_01FIGURE C.5: Cross section of the beams with hU = 10 cm, scale 1:10135

SAMARIS SAM_GE_DE18v01_01Appendix D: Position of the Ω-gages during the fracture 
tests (scale 1:25)137
Appendix D: Position of the Ω-gages during the fracture tests (scale 1:25)FIGURE D.1: Position of the Ω-gages during the fracture test: I3138
SAMARIS SAM_GE_DE18v01_01FIGURE D.2: Position of the Ω-gages during the fracture test: I3L139
Appendix D: Position of the Ω-gages during the fracture tests (scale 1:25)a) b)
FIGURE D.3: Position of the Ω-gages during the fracture test: a) I5, b) I5L140
SAMARIS SAM_GE_DE18v01_01a) b)
FIGURE D.4: Position of the Ω-gages during the fracture test: a) I5R, b) I5RL141
Appendix D: Position of the Ω-gages during the fracture tests (scale 1:25)a) b)
FIGURE D.5: Position of the Ω-gages during the fracture test: a) H5, b) H5R142
SAMARIS SAM_GE_DE18v01_01FIGURE D.6: Position of the Ω-gages during the fracture test: H3143
Appendix D: Position of the Ω-gages during the fracture tests (scale 1:25)FIGURE D.7: Position of the Ω-gages during the fracture test: I10144
SAMARIS SAM_GE_DE18v01_01FIGURE D.8: Position of the Ω-gages during the fracture test: I10L145
Appendix D: Position of the Ω-gages during the fracture tests (scale 1:25)FIGURE D.9: Position of the Ω-gages during the fracture test: I10R146
SAMARIS SAM_GE_DE18v01_01FIGURE D.10: Position of the Ω-gages during the fracture test: I10RL147
Appendix D: Position of the Ω-gages during the fracture tests (scale 1:25)FIGURE D.11: Position of the Ω-gages during the fracture test: H10148
SAMARIS SAM_GE_DE18v01_01FIGURE D.12: Position of the Ω-gages during the fracture test: H10R149

SAMARIS SAM_GE_DE18v01_01Appendix E: Temperature and relative humidity in the 
climatic tents
FIGURE E.1: Temperature and RH, statically 
determinate beams hU = 3 cm
FIGURE E.2: Temperature and RH, statically 
indeterminate beams hU = 3 cm
FIGURE E.3: Temperature and RH, statically 
determinate beams hU = 5 cm
FIGURE E.4: Temperature and RH, statically 
indeterminate beams hU = 5 cm151
Appendix E: Temperature and relative humidity in the climatic tentsFIGURE E.5: Temperature and RH, statically 
determinate beams hU = 10 cm
FIGURE E.6: Temperature and RH, statically 
indeterminate beams hU = 10 cm152
SAMARIS SAM_GE_DE18v01_01Appendix F: Temperature evolution at the early age of 
the concrete substrate
FIGURE F.1: TCupp of I3 and I3L FIGURE F.2: TCupp of H3 
FIGURE F.3: temperature evolution of I5 and I5L FIGURE F.4: temperature evolution of I5R and 
I5RL 153
Appendix F: Temperature evolution at the early age of the concrete substrateFIGURE F.5: temperature evolution of H5 and 
H5R
FIGURE F.6: TCupp of I5, I5L, I5R, I5RL 
FIGURE F.7: temperature evolution of I10 FIGURE F.8: temperature evolution of H10 and 
H10R
FIGURE F.9: TCupp of I10, I10L, I10R, I10RL 154
SAMARIS SAM_GE_DE18v01_01Appendix G: Temperature at the early age of the 
UHPFRC layer
FIGURE G.1: I3 - temperature evolution at the 
early age of the UHPFRC layer
FIGURE G.2: I3L - temperature evolution at the 
early age of the UHPFRC layer
FIGURE G.3: H3 - temperature evolution at the 
early age of the UHPFRC layer155
Appendix G: Temperature at the early age of the UHPFRC layerFIGURE G.4: I5 - temperature evolution at the 
early age of the UHPFRC layer
FIGURE G.5: I5R - temperature evolution at the 
early age of the UHPFRC layer
FIGURE G.6: I5L - temperature evolution at the 
early age of the UHPFRC layer
FIGURE G.7: I5RL - temperature evolution at the 
early age of the UHPFRC layer
FIGURE G.8: H5 - temperature evolution at the 
early age of the UHPFRC layer
FIGURE G.9: H5R - temperature evolution at the 
early age of the UHPFRC layer156
SAMARIS SAM_GE_DE18v01_01FIGURE G.10: I10 - temperature evolution at the 
early age of the UHPFRC layer
FIGURE G.11: I10R - temperature evolution at 
the early age of the UHPFRC layer
FIGURE G.12: I10L - temperature evolution at 
the early age of the UHPFRC layer
FIGURE G.13: I10RL - temperature evolution at 
the early age of the UHPFRC layer
FIGURE G.14: H10 - temperature evolution at the 
early age of the UHPFRC layer
FIGURE G.15: H10R - temperature evolution at 
the early age of the UHPFRC layer157

SAMARIS SAM_GE_DE18v01_01Appendix H: Measurements of the deflections (f1, f2, f3) 
during the long-term tests
FIGURE H.1: I3 - deflections f1, f2, f3 FIGURE H.2: I3L - deflections f1, f2, f3
FIGURE H.3: H3 - deflections f1, f2, f3 FIGURE H.4: H3 - deflections f1, f2, f3, detail159
Appendix H: Measurements of the deflections (f1, f2, f3) during the long-term testsFIGURE H.5: I5 - deflections f1, f2, f3 FIGURE H.6: I5R - deflections f1, f2, f3
FIGURE H.7: I5L - deflections f1, f2, f3 FIGURE H.8: I5RL - deflections f1, f2, f3
FIGURE H.9: H5 - deflections f1, f2, f3 FIGURE H.10: H5R - deflections f1, f2, f3160
SAMARIS SAM_GE_DE18v01_01FIGURE H.11: I10 - deflections f1, f2, f3 FIGURE H.12: I10R - deflections f1, f2, f3
FIGURE H.13: I10L - deflections f1, f2, f3 FIGURE H.14: I10RL - deflections f1, f2, f3161
Appendix H: Measurements of the deflections (f1, f2, f3) during the long-term testsFIGURE H.15: H10 - deflections f1, f2, f3 FIGURE H.16: H10 - deflections f1, f2, f3, detail
FIGURE H.17: H10R - deflections f1, f2, f3 FIGURE H.18: H10R - deflections f1, f2, f3, 
detail162
SAMARIS SAM_GE_DE18v01_01Appendix I: Measurements of the optical deformation 
sensors (ODS L, ODS U) during the long-
term tests
FIGURE I.1: I3 - ODS deformations FIGURE I.2: I3L - ODS deformations
FIGURE I.3: H3 - ODS deformations163
Appendix I: Measurements of the optical deformation sensors (ODS L, ODS U) during the long-term testsFIGURE I.4: I5 - ODS deformations FIGURE I.5: I5R - ODS deformations
FIGURE I.6: I5L - ODS deformations FIGURE I.7: I5RL - ODS deformations
FIGURE I.8: H5 - ODS deformations FIGURE I.9: H5R - ODS deformations164
SAMARIS SAM_GE_DE18v01_01FIGURE I.10: I10 - ODS deformations FIGURE I.11: I10R - ODS deformations
FIGURE I.12: I10L - ODS deformations FIGURE I.13: I10RL - ODS deformations
FIGURE I.14: H10 - ODS deformations FIGURE I.15: H10R - ODS deformations165

SAMARIS SAM_GE_DE18v01_01Appendix J: Curvature ODS during the long-term tests
FIGURE J.1: I3 - curvature ODS FIGURE J.2: I5 - curvature ODS
FIGURE J.3: I10 - curvature ODS167
Appendix J: Curvature ODS during the long-term testsFIGURE J.4: H3 - curvature ODS, detail FIGURE J.5: H3 - curvature ODS
FIGURE J.6: H5 - curvature ODS, detail FIGURE J.7: H5 - curvature ODS
FIGURE J.8: H10 - curvature ODS, detail FIGURE J.9: H10 - curvature ODS168
SAMARIS SAM_GE_DE18v01_01Appendix K: Influence of the reinforcement during the 
long-term tests
FIGURE K.1: H5 - deflection - influence of the 
reinforcement
FIGURE K.2: H10 - deflection - influence of the 
reinforcement
FIGURE K.3: H5 - ODS - influence of the 
reinforcement 
FIGURE K.4: H10 - ODS - influence of the 
reinforcement 169
Appendix K: Influence of the reinforcement during the long-term testsFIGURE K.5: I5 - deflection - influence of the 
reinforcement
FIGURE K.6: I5 - ODS - influence of the 
reinforcement 
FIGURE K.7: I5 - debonding - influence of the 
reinforcement 
FIGURE K.8: I5L - debonding - influence of the 
reinforcement 170
SAMARIS SAM_GE_DE18v01_01FIGURE K.9: I10 - deflection - influence of the 
reinforcement
FIGURE K.10: I10R - ODS deformations
FIGURE K.11: I10 - debonding - influence of the 
reinforcement 
FIGURE K.12: I10L - debonding - influence of 
the reinforcement 171

SAMARIS SAM_GE_DE18v01_01Appendix L: Influence of the thickness of the UHPFRC 
layer (hU) during the long-term tests
FIGURE L.1: Comparison f1 - I3, I5, I10 FIGURE L.2: Comparison ODS - I3, I5, I10
FIGURE L.3: Comparison curvature - I3, I5, I10 FIGURE L.4: Comparison elongation - I3, I5, I10173
Appendix L: Influence of the thickness of the UHPFRC layer (hU) during the long-term testsFIGURE L.5: Comparison f1 - H3, H5, H10 FIGURE L.6: Comparison f3 - H3, H5, H10
FIGURE L.7: Comparison ODS L - H3, H5, H10 FIGURE L.8: Comparison ODS U - H3, H5, H10
FIGURE L.9: Comparison curvature - H3, H5, 
H10
FIGURE L.10: Comparison elongation - H3, H5, 
H10174
SAMARIS SAM_GE_DE18v01_01FIGURE L.11: Comparison f1, f2 - I5R, I10R FIGURE L.12: Comparison ODS - I5R, I10R
FIGURE L.13: Comparison curvature - I5R, I10R FIGURE L.14: Comparison elongation - I5R, 
I10R175
Appendix L: Influence of the thickness of the UHPFRC layer (hU) during the long-term testsFIGURE L.15: Comparison f1, f2 - H5R, H10R FIGURE L.16: Comparison ODS - H5R, H10R
FIGURE L.17: Comparison curvature - H5R, 
H10R
FIGURE L.18: Comparison elongation - H5R, 
H10R176
SAMARIS SAM_GE_DE18v01_01Appendix M: Flexural creep 
FIGURE M.1: I3 - creep compliance f1, f2, f3
FIGURE M.2: I5 - creep compliance f1, f2, f3 FIGURE M.3: I5R - creep compliance f1, f2, f3
FIGURE M.4: I10 - creep compliance f1, f2, f3 FIGURE M.5: I10R - creep compliance f1, f2, f3177
Appendix M: Flexural creepFIGURE M.6: I3 - recovery compliance f1, f2, f3
FIGURE M.7: I5 - recovery compliance f1, f2, f3 FIGURE M.8: I5R - recovery compliance f1, f2, f3
FIGURE M.9: I10 - recovery compliance f1, f2, f3 FIGURE M.10: I10R - recovery compliance f1, f2, 
f3178
SAMARIS SAM_GE_DE18v01_01FIGURE M.11: I3 - comparison creep - recovery
FIGURE M.12: I5 - comparison creep - recovery FIGURE M.13: I5R - comparison creep - recovery
FIGURE M.14: I10 - comparison creep - recovery FIGURE M.15: I10R - comparison creep - 
recovery179

SAMARIS SAM_GE_DE18v01_01Appendix N: Crack patterns on the upper side during the 
long-term tests
FIGURE N.1: Beam I3 - crack pattern during the long term tests
6 days 9 days 17 days 24 days 28 days 37 days 45 days 62 days181
Appendix N: Crack patterns on the upper side during the long-term testsFIGURE N.2: Beam I3L - crack pattern during the long term tests
6 days 9 days 17 days 24 days 28 days 37 days 45 days 62 days182
SAMARIS SAM_GE_DE18v01_01FIGURE N.3: Beam H3 - crack pattern during the long term tests
6 days 9 days 17 days 24 days 28 days 37 days 45 days 62 days183

SAMARIS SAM_GE_DE18v01_01Appendix O: Measurements of the debonding (IS, IN) 
during the long-term tests
FIGURE O.1: I3 - debonding FIGURE O.2: I3L - debonding
FIGURE O.3: H3 - debonding185
Appendix O: Measurements of the debonding (IS, IN) during the long-term testsFIGURE O.4: I5 - debonding FIGURE O.5: I5R - debonding
FIGURE O.6: I5L - debonding FIGURE O.7: I5RL - debonding186
SAMARIS SAM_GE_DE18v01_01FIGURE O.8: I10 - debonding FIGURE O.9: I10R - debonding
FIGURE O.10: I10L - debonding FIGURE O.11: I10RL - debonding187

SAMARIS SAM_GE_DE18v01_01Appendix P: TORRENT tests on series 1 (hU = 5 cm)
TABLE P.1. Results of the TORRENT tests (UHPFRC) - beam I5
Place pi [mbar] kT [10-16 m2] l [mm] Remarks 
end of the beam 17 0.003 3.8
12 0.001 2.0
13 0.006 5.1
above support 52 0.004 4.2
14 0.002 3.1
21 0.002 3.1
mid-span 17 0.001 2.0
16 - - no values
14 0.002 2.7
TABLE P.2. Results of the TORRENT tests (UHPFRC) - beam I5L
Place pi [mbar] kT [10-16 m2] l [mm] Remarks
above support 14 0.007 5.6
16 0.008 6.2
15 0.002 3.1
mid-span 14 0.004 4.4
14 0.003 4.0
18 0.043 14.0 cracks
TABLE P.3. Results of the TORRENT tests (UHPFRC) - beam I5R
Place pi [mbar] kT [10-16 m2] l [mm] Remarks
end of the beam 17 - - no values
11 0.006 5.1 at the specially cured surface
22 0.005 4.7 at the specially cured surface
above support 15 0.002 2.7
14 0.001 2.2
13 0.002 3.3
mid-span 13 0.003 3.8
13 0.001 2.4
12 0.001 1.5189
Appendix P: TORRENT tests on series 1 (hU = 5 cm)TABLE P.4. Results of the TORRENT tests (UHPFRC) - beam I5RL
Place pi [mbar] kT [10-16 m2] l [mm] Remarks
above support 12 0.002 3.1
14 0.005 4.9
13 0.004 4.2
mid-span 18 0.002 3.3
13 0.005 4.7
14 0.007 5.6
TABLE P.5. Results of the TORRENT tests (UHPFRC) - beam H5
Place pi [mbar] kT [10-16 m2] l [mm] Remarks
end of the beam 55 0.001 2.2 no cracks
above support 19 0.005 5.0 one crack
- 22 0.01 4.8 one crack
- 49 2.548 61.2 one crack, test stopped after 250 sec
- 15 0.014 8.1 small cracks
end of the beam 13 0.004 4.5 no cracks
TABLE P.6. Results of the TORRENT tests (UHPFRC) - beam H5R
Place pi [mbar] kT [10-16 m2] l [mm] Remarks
end of the beam 17 0.012 7.4 no cracks, but pores
14 0.006 5.5 several small cracks
17 0.001 2
mid-span 19 0.006 5.2 some small cracks
29 0.209 31.2 cracks
above support 27 0.129 24.4 some cracks, pores
14 0.01 6.7 some small cracks
TABLE P.7. Results of the TORRENT tests (concrete)
Beam pi [mbar] kT [10-16 m2] l [mm] Remarks
I5R 37 1.237 55.5 test stopped after 390 sec.
H5R 24 0.137 25.3
29 0.280 36.2
33 1.076 52.2
33 1.492 56.3
25 0.167 27.9190
SAMARIS SAM_GE_DE18v01_01Appendix Q: Force-deflection diagrams of the fracture 
tests
FIGURE Q.1: Force - deflections: I3 FIGURE Q.2: Force - deflections: I3L
FIGURE Q.3: Force - deflections: H3191
Appendix Q: Force-deflection diagrams of the fracture testsFIGURE Q.4: Force - deflections: I5 FIGURE Q.5: Force - deflections: I10
FIGURE Q.6: Force - deflections: I5L FIGURE Q.7: Force - deflections: I10L
FIGURE Q.8: Force - deflections: H5 FIGURE Q.9: Force - deflections: H10192
SAMARIS SAM_GE_DE18v01_01FIGURE Q.10: Force - deflections: I5R FIGURE Q.11: Force - deflections: I10R
FIGURE Q.12: Force - deflections: I5RL FIGURE Q.13: Force - deflections: I10RL
FIGURE Q.14: Force - deflections: H5R FIGURE Q.15: Force - deflections: H10R193

SAMARIS SAM_GE_DE18v01_01Appendix R: Force-ODS diagrams of the fracture tests
FIGURE R.1: Force - ODS: I3 FIGURE R.2: Force - ODS: I3L
FIGURE R.3: Force - ODS: H3195
Appendix R: Force-ODS diagrams of the fracture testsFIGURE R.4: Force - ODS: I5 FIGURE R.5: Force - ODS: I10
FIGURE R.6: Force - ODS: I5L FIGURE R.7: Force - ODS: I10L
FIGURE R.8: Force - ODS: H5 FIGURE R.9: Force - ODS: H10196
SAMARIS SAM_GE_DE18v01_01FIGURE R.10: Force - ODS: I5R FIGURE R.11: Force - ODS: I10R
FIGURE R.12: Force - ODS: I5RL FIGURE R.13: Force - ODS: I10RL
FIGURE R.14: Force - ODS: H5R FIGURE R.15: Force - ODS: H10R197

SAMARIS SAM_GE_DE18v01_01Appendix S: Force-Ω-gages diagrams of the fracture tests
FIGURE S.1: Force-Ω-gages: I3 FIGURE S.2: Force-Ω-gages: I3 - detail
FIGURE S.3: Force-Ω-gages: I3L FIGURE S.4: Force-Ω-gages: I3L - detail
FIGURE S.5: Force-Ω-gages: H3 FIGURE S.6: Force-Ω-gages: H3 - detail199
Appendix S: Force-Ω-gages diagrams of the fracture testsFIGURE S.7: Force-Ω-gages: I5 FIGURE S.8: Force-Ω-gages: I5 - detail
FIGURE S.9: Force-Ω-gages: I5L FIGURE S.10: Force-Ω-gages: I5L - detail
FIGURE S.11: Force-Ω-gages: H5 FIGURE S.12: Force-Ω-gages: H5 - detail200
SAMARIS SAM_GE_DE18v01_01FIGURE S.13: Force-Ω-gages: I10 FIGURE S.14: Force-Ω-gages: I10 - detail
FIGURE S.15: Force-Ω-gages: I10L FIGURE S.16: Force-Ω-gages: I10L - detail
FIGURE S.17: Force-Ω-gages: H10 FIGURE S.18: Force-Ω-gages: H10 - detail201
Appendix S: Force-Ω-gages diagrams of the fracture testsFIGURE S.19: Force-Ω-gages: I5R FIGURE S.20: Force-Ω-gages: I5R - detail
FIGURE S.21: Force-Ω-gages: I5RL FIGURE S.22: Force-Ω-gages: I5RL - detail
FIGURE S.23: Force-Ω-gages: H5R FIGURE S.24: Force-Ω-gages: H5R - detail202
SAMARIS SAM_GE_DE18v01_01FIGURE S.25: Force-Ω-gages: I10R FIGURE S.26: Force-Ω-gages: I10R - detail
FIGURE S.27: Force-Ω-gages: I10RL FIGURE S.28: Force-Ω-gages: I10RL - detail
FIGURE S.29: Force-Ω-gages: H10R FIGURE S.30: Force-Ω-gages: H10R - detail203
Appendix S: Force-Ω-gages diagrams of the fracture testsFIGURE S.31: Mean deformation of the Ω -gages 
(NR3)
FIGURE S.32: Mean deformation of the Ω -gages 
(NR5)
FIGURE S.33: Mean deformation of the Ω -gages 
(R5)
FIGURE S.34: Mean deformation of the Ω -gages 
(NR10)
FIGURE S.35: Mean deformation of the Ω -gages 
(R10)204
SAMARIS SAM_GE_DE18v01_01Appendix T: Crack pattern on the upper face of the 
fracture tests
FIGURE T.1: Beam I3L(NR3) - crack pattern on the upper face
Periods of cracking:
F [kN] w [mm]
1   0.0 - 12.3  0.0 -  3.7
2 12.3 - 14.3  3.7 -  5.8
3 14.3 - 18.6  5.8 - 11.0
4 18.6 - 11.0 -
4321205
Appendix T: Crack pattern on the upper face of the fracture testsFIGURE T.2: Beam I5 (NR5) - crack pattern on the upper face
Periods of cracking:
F [kN] w [mm]
0 after long term tests
1   0.0 - 15.3  0.0 -  3.7
2 15.3 - 19.4  3.7 -  9.4
3 19.4 - 22.0  9.4 - 17.4
4 22.0 - 17.4 -
0 4321206
SAMARIS SAM_GE_DE18v01_01FIGURE T.3: Beam I10L (NR10) - crack pattern on the upper face
Periods of cracking:
F [kN] w [mm]
1   0.0 - 22.0  0.0 -  2.9
2 22.0 - 38.0  2.9 -  4.7
3 38.0 - 44.5  4.7 -  8.0
4 44.5 -  8.0 -
4321207
Appendix T: Crack pattern on the upper face of the fracture testsFIGURE T.4: Beam H5R (R5) - crack pattern on the upper face
Periods of cracking:
F [kN] w [mm]
0 after long term tests
1   0.0 - 20.3  0.0 -  4.6
2 20.3 - 30.9  4.6 -  9.8
3 30.9 - 40.4  9.8 - 14.8
4 40.4 - 14.8 -
0 4321208
SAMARIS SAM_GE_DE18v01_01FIGURE T.5: Beam I10R (R10) - crack pattern on the upper face
Periods of cracking:
F [kN] w [mm]
0 after long term tests
1   0.0 - 27.0  0.0 -  3.3
2 27.0 - 52.0  3.3 -  5.6
3 52.0 - 76.0  5.6 - 10.0
4 76.0 - 10.0 -
0 4321209

SAMARIS SAM_GE_DE18v01_01Appendix U: UHPFRC recipes
TABLE 24.1: Composition of material CM0
Component
Vol. Percent 
of fibres 
[%]
ρ 
[kg/m3]
Mass 
[kg/m3]
Volume 
[l/m3]
Powders 1846.2
Cement 3.140 1051.1 334.7
Silica Fume 2.200 273.3 124.2
(Fine sand + quartz) 2.680 732.5 273.3
Added water 1.000 164.6 164.6
Steel wool 7.850
Fibres 5 mm 7.850
Fibres 10 mm 6 7.850 468 59.6
Fibres 20 mm 7.850
Admixture 1.055 35.1 33.3
Dry extract 30% 10.5
Liquid part 70% 24.6
Total water 1.000 189.2
Air 10.2
Total 6 2724.7 1000.0
TABLE 24.2: 
Component Type
Cement CEM I 52.5 N CE PM-ES-CP 2,
Lafarge, Le Teil
Silica fume SEPR (average diameter 0.5 µm)
Specific surface 12 m2/g, SiO2 > 93.5 %
Fine sand + quartz SIFRACO (SiO2>5%), Dmax < 0.5 mm
Steel fibres Steel wool (micro fibres) from Gervois
Straight, lf=5 mm, df=0.15 mm
Straight lf=10 mm, df=0.2 mm
Straight lf=20 mm, df=0.25 mm
Superplasticizer Chrysofluid OPTIMA 175211
Appendix U: UHPFRC recipes212
